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Theory and Design of a Mechanical 


Blackbody for Solar Radiation 


By P. L. Winskell and S. T. Hsu 


Department of Mechanical Engineering, University of Wisconsin, Madison 


A method of increasing the absorptivity of a 
metallic surface by a mechanical arrangement of 
the surface is discussed in the paper. The theo- 
retical absorptivities obtained as a result of vary- 
ing such physical parameters as surface length, 
distance between surfaces, surface absorptivity, 
and angle of incidence of radiation are stated. An 
experimental heat exchanger and a mechanical 
blackbody surface are evaluated relative to a com- 
parative heat exchanger and a coated black sur- 
face. An apparent increase in absorptivity is seen 
as the net heat transfer rate occurring with the 
mechanical blackbody (material absorptivity of 
0.5) is 90 per cent of the rate obtained with the 
black surface. 


INTRODUCTION 


One of the current problems in the field of solar energy 
utilization is to obtain a durable, high absorptive, low 
emissive surface to solar radiation. The surface should 
be able to withstand the high temperatures resulting 
from the use of focusing devices. Some recent applica- 
tions include solar cookers and solar furnaces. 

In the first place, the problem of durability is two- 
fold. The surface must: 

(a) withstand high temperatures, i.e., remain chemi- 

cally stable, and 

(b) resist mechanical damage from field usage. 

Secondly, the absorptivity should be high, to obtain 
maximum efficiency, with the coincident reduction of 
solar collection areas, heat transfer areas, and heat 
transfer losses. Similarly, the material cost would be 
reduced. 

To date, none of our common materials and/or ap- 
plied coatings can satisfy adequately both aspects of 
this problem. 

In an effort to find a solution to this need, an appli- 
cation of the classical definition of a “blackbody” was 
investigated. This definition states that a blackbody 
absorbs all radiation falling upon it and is commonly 
depicted as the area of a small hole in a hollow sphere 


when radiation is incident upon the sphere. By con- 
tinued reflections and absorptions, the initial radiation 
entering through the hole is reduced almost to zero; 
thus the complete or perfect absorption property of the 
surface area of the hole. 

The initial premise was that a parallelepiped element 
or elements could be substituted for the usual sphere, 
and the performance predicted. If this were true, the 
absorptivity of the material was then not of such para- 
mount importance, and ordinary durable metals could 
be used. 

Phase I of the study consisted of the calculations of 
expected performance when such parameters of the 
parallelepiped element as length, width, material ab- 
sorptivity, and angle of incidence were varied. 

Phase II of the study then was the testing of an ex- 


perimental surface and its comparison with a surface of 
known absorptivity (to solar radiation) and emissivity. 
The net heat transfer of the two surfaces was compared. 

Phase III was an analysis of the obtained perform- 
ance versus the predicted performance and includes 


observations on the variations. 


PHASE I: THEORETICAL CONSIDERATION OF 
MECHANICAL BLACKBODY SURFACES 
Absorptivity 

Our initial premise was that the ‘‘sphere’’ could be 
replaced by a parallelepiped element or elements, and 
the investigation that follows includes predicted ab- 
sorptivity based on this hypothesis. The two-dimen- 
sional form is depicted in Fig. 1, with action at any 
depth perpendicular to this view to be also co-planar 
and repetitious. 

The validity of reducing the apparent three-dimen- 
sional case to two-dimensional analysis is based on 
three assumptions: (1) the radiation is direct solar 
radiation and not diffuse sky radiation; (2) the radia- 
tion can be pictured as parallel lines because of the 
great distance between the source (sun) and the re- 
ceiver (absorption surface); (3) as an aid to analysis, 
the reflection of the radiation will be specular, as is the 
case for smooth surfaces, rather than diffuse, as for 
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Fic. 1—Parallelepiped element of a mechanical blackbody. 


rough surfaces, and will obey the general laws of optics. 

The radiation wave arrives at the surface of the ma- 
terial at the angle @, as shown in Fig. 1. The inside dis- 
tance between the parallel surfaces is a, and the 
length of the surface is b. The absorptivity of the sur- 
face to the arriving radiation is denoted by a. 

By the use of geometry, the number of reflections, n, 
of a single ray of radiant energy as it travels down the 
length of the element and back by successive reflections 
is found to be equal to 2[b/a(tan @)]. 

If a represents the absorptivity of the surface, the 
strength of the radiant energy is decreased by this 
amount at each point of reflection and coincident ab- 
sorption. 

Using the statements of the two preceding para- 
graphs, the total absorptivity of the element is found 
to be equal tol — (1 — a)’. 

This equation for the total absorptivity then allows 
one to determine theoretically the absorptivity for a 
given element when the physical parameters and the 
material are known. 

On this basis, graphs such as those shown in Figs. 2, 
3, 4, 5, and 6 were prepared showing total absorptivity 
when the length-width ratio, (b/a), angle of incidence, 
and material surface absorptivity were varied. These 
can, ideally, serve as a design aid in that for a given 
selected material, the dimensions required and _ the 
angle of incidence necessary for operation can be found. 

Conversely, where geographical or installation re- 
quirements determine the angle of incidence, the re- 
quired absorptivity of the material that will give the 
desired total absorptivity can be determined for a given 
length-width ratio. 

As such factors as specific heat, thermal conductivity, 
and cost will also have to be considered in an ultimate 
design, the apparent freedom in the choice of these 
variables is somewhat reduced, but is still considerable. 


Total Absorptivity vs. Depth-Width 
Ratio for Various Angles of 
Incidence 


30 40 50 60 
Depth-Width Ratio - b/s 
. 2—Total absorptivity vs. depth-wide ratio for various 
angles of incidence. 
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Fic. 3—Total absorptivity vs. depth-width ratio for various 
angles of incidence including area reduction effect of 
angle variation. 


Possible Qualification on the Usage of Mechanical 
Blackbody Surfaces 
The calculations of Phase I show that the absorp- 
tivity of a mechanical blackbody surface varies as the 
tangent of the angle of radiation, measured from an 
axis perpendicular to the surface, as shown in the ex- 
pression. 


l 
2 tan @ 
a 


Absorptivity = 1 — (1 — a) 

It should be noted also that as @ varies the area of 
radiation intercepted by a given surface varies as the 
cosine of 6. This has the following over-all effect: 

Total energy absorbed (Btu/hr) equals the solar 
radiation constant (Btu/hr — sq ft) X area (sq ft) X 
absorptivity X cos 6. 


2b tz 
une Qua 1 (1 — cos 0 


This change in the amount of radiation intercepted 
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Fic. 4—Total absorptivity vs. depth-width ratio for various 
angles of incidence. 
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Fic. 5—Total absorptivity vs. depth-width ratio for various 
angles of incidence. 


(seen) by the surface can be estimated by comparing 
lig. 2 with Fig. 3. The optimum point of operation 
(angle of surface to radiation) can be selected for any 
exchanger. The angle is a function of the physical di- 
mensions, length (b) of the fin, and distance (a) between 
fins. 

While the proposed design is considered as a black- 
body for absorption purposes, it was also investigated 
for radiation loss (emission) on the same basis as a 
blackbody. 

The Stefan-Boltzmann law Q = ocAT" gives the 
maximum value for the radiation heat loss. Any other 
material or substance will radiate a quantity less than 
the blackbody. Thus we have a limiting case in this 
heat loss prediction, and any actual design can have 
only a lesser heat loss by this method of heat trans- 
mission. 


TABLE I 
0,100,200 300.400 500 600 700, 800) 900 1000 


degrees F. 
78 172/330 581 950 1470 2190 3150 4400 5950 8000 


Q, Btu/hr-ft? 
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Fic. 6—Total absorptivity vs. surface absorptivity for a 
depth-width ratio of 4.0. 
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Fic. 7—Net radiation exchange for a blackbody, Btu per sq 
ft-hr. 
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The blackbody radiation loss for typical surface tem- 
peratures are given in Table I. 

Consideration of the effect of these blackbody radia- 
tion losses is shown in Fig. 7. The value in low surface 
temperatures is shown pictorially, and the net gain due 
to the higher absorptivity is realized when the higher 


incident radiation values are used. 


PHASE Il: ACTUAL PERFORMANCE OF AN 
EXPERIMENTAL MECHANICAL BLACKBODY 
SURFACE 

Description of Apparatus 

Three heat exchangers were fabricated in cylindrical 
form with conical upper sections, two being for com- 
parative purposes, with flat circular areas for the solar 
absorption surfaces. The third heat exchanger was con- 
structed similarly in size and shape, with the solar ab- 
sorption surface of the proposed mechanical type. 

The length-width ratio used in the mechanical experi- 
mental surface was 4.0, meaning the length of the sur- 
face (fin) from the exposed end to the point of contact 
at the heat exchange surface was four times the dis- 
tance between fins. The actual dimensions used in this 
design were 2.0 and 0.5 in. respectively. (Theoretical 
absorptivities for BA ratio of 4 are shown in Fig. 6.) 

The comparative heat exchangers were identical in 
construction. Copper sheet of 0.100 in. thickness con- 
stituted the cylindrical and conical sections. The flat 
circular section is of 0.125 in. thick brass plate. 

These exchangers were differentiated only by one 
having the brass surface coated with a thin black coat- 
ing of copper oxide, a material which was investigated 
for solar energy absorption purposes by the Department 
of Chemistry and the Solar Energy Laboratory of the 
University of Wisconsin. 

The third (experimental) cylinder was similar in 
construction to the comparative exchangers, but differed 
by the dimensions of the added mechanical absorption 


Fig. 8—Experimental blackbody surface and heat exchanger. 
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Fic. 9—Experimental blackbody surface and heat exchanger. 


surface, which was 2 in. in depth. As shown in Figs. 8 
and 9, the fins, which are at right angles to each other 
and to the brass plate in this construction, were made 
of 0.010-in. polished brass shim stock which during the 
assembly (soldering) operation reached a temperature 


of approximately 400°F. This temperature caused oxi- 


dation of the brass surface to a certain extent. 

Although the exact solar absorptivity of this par- 
ticular fin material was not measured, earlier investiga- 
tions by the above-mentioned groups showed the ab- 
sorptivity of polished brass and copper surfaces to be 
0.35 and 0.27, respectively. A corresponding value for 
unpolished copper is 0.52. 

Initially all three heat exchangers were as described. 
After the first test, described later, 3-in. of asbestos in- 
sulation was added to the outer surface, and then again, 
later, 3-in. more insulation plus aluminum foil com- 
pleted the heat exchangers. The insulation was added 
to reduce the heat transfer at the outer surface, and the 
aluminum foil to reduce direct solar absorption on the 
surface. These two are not in contradiction because of 
the physical arrangement of the test apparatus. (See 
Fig. 10.) 
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10—Test apparatus, showing 4-ft diameter reflector stand 
and uninsulated heat exchanger. 


Method of Testing 


The approach taken in the evaluation of the solar 
absorption surfaces was to equalize rather than to 
eliminate the associated heat losses. 

The net heat transfer, taken as the difference be- 
tween the energy absorbed and energy radiated, was 
determined by the temperature rise of a fluid (water) in 
the heat exchangers, neglecting convection and radia- 
tion losses on the outer surface on the basis that they 
were equal. This method was chosen to obtain relative 
performance to a known surface rather than an absolute 
determination of absorptivity and emissivity. 

The following block diagrams, Fig. 11(a) and (b), 
illustrate the assumption of neglecting the heat loss by 


A. E. 
Fig. 11. 


convection and radiation on the outer surface and the 
possible fallacy in this procedure. 
A and 
Band F 
CandG@ 


energy absorbed at the bottom surface. 
energy emitted at the bottom surface. 
convection and radiation loss from the 
side wall and top of heat exchanger. 

D and H = net energy absorbed 
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Fic. 13—Water temperature in heat exchanger vs. time. 
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If C is assumed equal to G, D and H are proportional 
(equal) to (A — B) and (FE — F), respectively. But C 
and G are functions of D and H and corresponding 
temperatures on the outer surface. 

The reflectors as shown in Fig. 10 were operated and 
adjusted continuously to keep the focus of the reflec- 
tion in the center of the absorption surface. The tem- 
perature of the water in the heat exchanger was re- 
corded at intervals of 30 seconds and/or one minute. 
The data of water temperatures versus time are shown 
on the graphs of Figs. 12 and 13. All variables were kept 
as equal as possible during the test interval. Such factors 
as simultaneous adjustment of the reflectors to the ab- 
sorption surfaces, equal surface conditions of reflectors, 
and equal weights of water were included in this effort 
to obtain equalization. 

As shown in Fig. 10, the radiant energy of the sun 
was reflected and focused on the absorptive surfaces by 
means of 4-ft diameter parabolic reflectors which were 
of high-impact polystrene plastic and covered with a 
0.001-in. thick mylar film. 

The reflector can be pivoted about an axis which is 
approximately through the focal point of the reflector, 
so as to be at the angle required to focus the radiation 
on the absorptive surface. A second vertical axis allows 
reflector movement as required by motion of the sun. 


Test Results 

As previously stated, the method of testing was to 
compare the over-all heat transfer of the different ex- 
changers and surfaces and thus reach a value of effec- 
tiveness of the experimental surface relative to a known 
surface. 

The heat transferred to the water is the product of the 
factors: weight of water, specific heat, and temperature 
rise. The heat transferred is equal to the difference of 
heat absorbed minus the losses due to convection and 
radiation of both the absorption surface and the outer 
surface of the exchanger. The type of reasoning does 
not allow the absolute determination of absorptivity 
but gives the ratio of net heat transfer rates. 

The heat losses for the outer surfaces were considered 
to be equal and thus omitted. Whereas the losses, both 
convection and radiation, would be higher with the ex- 
changer with the black comparative surface because of 
the higher temperature, this would be offset by the 
larger area of the experimental exchanger. The values 
of Q (net heat transferred to the water) then include all 
convection and radiation losses. The ratio of Q values is 
considered to exclude outer surface convection and 
radiation losses on the before-mentioned assumption. 

The ratio of heat transferred by the experimental 
surface to that by the black comparative surfaces was 
found to be 0.92, 0.85, 0.90, and 0.84. The ratio of heat 


transferred by the experimental surface to that of the 
unpolished brass surface is 1.4 or, vice versa, 0.71. 

A supplementary test was made on the surfaces by 
use of a General Electric radiometer which is sensitive 
to the solar spectrum only. 

Direct exposure to the sun gave a radiation value of 
0.85 gm-cal per sq em-min. Reflection from the black 
comparative exchanger which was placed normal to the 
sun gave a scale reading of 0.05. The mechanical sur- 
face gave the same reading (0.05) as accurately as could 
be determined with the large scale increments (0.10). 

Because of this scale-accuracy problem the 0.05 read- 
ings cannot be used absolutely, but the point that the 
two surfaces recorded approximately equal reflections, 
and thus absorptivities, is significant and is in agreement 
with the previous test data. At the same time a further 
correlation was made by comparison to a polished brass 
surface of which the absorptivity was known. 


PHASE III: COMPARISON OF THE THEO- 
RETICAL VALUES WITH THE 
EXPERIMENTAL RESULT 

Value of a Blackbody Surface 

A question that logically arises now is: “If the pro- 
posed mechanical arrangement acts as a blackbody with 
respect to the incident radiation, does it also behave as 
a blackbody radiator or source of emission ?”’ 

We would expect so, theoretically. 

The blackbody radiation values are given in Phase I. 
These values represent a maximum heat radiation loss 
as any other body will radiate a lesser amount. 

Next, if this maximum occurs, does this loss reduce 
the net heat gain to a value below that which now can 
be obtained by some of the presently used coatings 
and or materials? 

As an example of current materials and their per- 
formance, the investigations of Daniels and Salem 
give values of absorptivity to solar radiation and emis- 
sivity at some of the expected operating temperatures 
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Cupric Oxide Coatings on Copper Surfaces 


Fic. 14—Cupric oxide coatings on copper surfaces. 


‘Be 
a 
+ 
VOL. 
1959 
F 
| 
) 
= 


Btu/Hr-Ft Degree-F 
8000 1000 


Q, Bl. Surface Temp. 


Fig. 15—Nomograph for determining net heat transfer by 
radiation. 


of the surface for brass, copper, and copper oxide coat- 
ings. This information is given in Fig. 14. 

The values of a and @ are defined as usual; the ab- 
sorptivity and emissivity, respectively, of the surface 
is compared to a blackbody at the same temperature. 

The net heat transfer away from the absorption sur- 
face by conduction is the desired effect. This, first neg- 
lecting convection heat losses, is the difference of two 
products of two different variables each: (incident 
radiation X absorptivity) — (emissivity X radiation 
of a blackbody at the same temperature). 

The incident radiation can be varied by means of 
focusing or concentrating devices, in multiples of the 
solar constant. 

The absorptivity and emissivity values will be a func- 
tion of surface temperature. The radiation of a black- 
body is a function of the fourth power of the absolute 
temperature. 

The following nomograph has been constructed to 
facilitate the evaluation of this net heat transfer and to 
enable one to see pictorially the effect of these variables. 
Use of the nomograph is as follows (Fig. 15): 

(1) Select the known heat flux, Btu per sq ft-hr, for 
the given amount of solar radiation and re- 
flector magnification (ordinate at extreme left). 
At an absorptivity of unity, rotate clockwise 
on the are until a point is reached at an equal 
ordinate to the value of (1). 

At the intersection of this radius and the are 
corresponding to the absorptivity of the ma- 
terial, move horizontally to the left to find the 
heat absorbed. 

Select the absorption surface temperature (ordi- 
nate at extreme right). 

At an emissivity of unity, rotate counter-clock- 
wise on the are until at an equal ordinate to the 
value of (4). 

At the intersection of this radius and the are 
corresponding to the emissivity of the surface, 


Free Convection Losses 
From Heated Plane 


Areas (Circles) Facing 
Down 
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Temperature Difference Between Surface and Air 
Fic. 16—Free convection losses from heated plane areas 
(circles) facing down. 
move horizontally to the right to the second ordi- 
nate to find the heat radiated. 
The difference in the values of heat absorbed (3) 
and heat radiated (6) is the net heat transfer for 
the surface. 


Heat Convection on a Plane Horizontal Surface 

A second possible occurrence is that the convection 
loss associated with plane horizontal surfaces (the 
black comparative surface in our test) is not experienced 
by the mechanical blackbody surface because of the 
small (negligible) area at the ends of the fins. 

The magnitude of these free convection losses from 
a heated plane surface facing down is shown in Fig. 16. 
The appropriate coefficient of convection heat transfer 


Al 0.25 
= C12 — 
(7) 
where: 


At = temperature difference between the surface 
and the surrounding air. 
L length of the surface (ft). 
For the black comparative 8-in. diameter surface and 
a temperature difference of 200° between surface and 
air, the loss in Btu per hr would be equal to (1.183) 
(0.35) (200) or 83 Btu per hr. 
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TABLE II 


Comparative Experimental 


Oet. 13 865 SOO 
Oct. 20 475 390 
Oct. 28 615 568 
Oct. 29 450 640 
Nov. 10 670 655 


The actual net heat transfer rates for the compara- 
tive and experimental surfaces in Btu per hr are shown 
in Table II. 

For the comparative surfaces, then, the suggested 
free convection heat losses represent 9.5 per cent to 
18.5 per cent of the net heat transferred, on the basis 
of a 200° temperature difference. 

(The comparative exchanger used for the Oct. 29 
test had a polished brass surface; all others had the 


black cupric oxide coating. ) 
SUMMARY 


Theoretically, high absorptivity values can be ob- 
tained by mechanical arrangement of surfaces to pro- 
mote the continuous reflection and absorption of radi- 
ation. This value of absorptivity is a function of the 
number of reflections and the surface absorptivity. 
Further, the number of reflections varies as the length 
of surface, distance between surfaces, and the angle of 
radiation incident to the surface. 

The test results from the evaluation of an experi- 
mental mechanical blackbody surface have added im- 
petus to this hypothesis. The net heat quantity trans- 


ferred by this mechanical surface averaged 0.9 that 
of the quantity transferred by a comparative black 
surface which had the known absolute properties of 
absorptivity to solar radiation of 0.90 and an emissivity 
at 110°C of 0.20. 

The material used in the mechanical blackbody has 
an absorptivity to solar radiation of approximately 
0.50 and an emissivity at 110°C of 0.20. 

The exact change in the values of absorptivity and 
emissivity is undetermined, but rather the relative over- 
all change in efficiency, which included radiation and 
convection losses, Was investigated in the experimental 
phase of this study. 

The possibilities for this apparent gain of the black- 
body surface are: 

(1) an increase in absorptivity, as theorized, with- 

out appreciable increase in emissivity, 


(2) an increase in absorptivity and emissivity, co- 
incident with a reduction in convection losses 
because of the mechanical arrangement of the 
surfaces of the blackbody, 

(3) comparison to a standard which is not as high as 


believed. 

As the material used in the experimental mechanical 
surface had a relatively high absorptivity, the resultant 
high net heat transfer value which was obtained is not 
so convincing as a similar value obtained with surface 
material of low absorptivity. It is suggested on the basis 
of the performance observed that experimental work be 
continued through a wide range of variables to further 
substantiate the proposed mechanical blackbody. 
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Selective Surfaces and Solar Absorbers 


By Erich A. Farber 


College of Engineering, University of Florida, Gainesville 


This paper deals with the emission characteris- 
ties of the sun and artificial radiation sources, the 
absorbing and transmitting properties of ma- 
terials, and how these properties of materials 
can be analyzed and used to advantage in solar 
energy collectors. The actual performance of 
these surfaces is predicted from spectral data and 
then compared with actual results obtained with 
artificial sources indoors and the sun as source 
outdoors. 


INTRODUCTION 


With the tremendous progress made in interplane- 
tary space exploration and with the advent of space 
travel near at hand, interest has greatly increased in 
the control and utilization of the energy from the sun. 
This energy coming from the sun and falling upon a 
space vehicle such as a rocket or satellite must be con- 
trolled to keep the environmental conditions inside 
such vehicles tolerable and if possible to use some of the 
incoming energy for useful purposes. 

This may mean that the correct proportions of solar 
energy (possibly even within certain wavelengths) must 
be absorbed or reflected to obtain the desired temper- 
atures and to provide energy for propulsion purposes, 
for refrigeration, and possibly for food production. 
Energy of the whole solar spectrum or only energy in 
certain bands may be desirable. 

If the results as outlined above are to be obtained, 
it is necessary to be able to reflect, absorb, or filter the 
incoming energy as required. 

A great deal of very valuable information has been 
presented in literature regarding the collection of solar 
energy, the main objective in every case being to design 
and obtain the best possible collector. This paper will 
present a systematic approach for selecting the best of 
the available materials based upon spectral emission, 
transmission, and absorption data. These results are 
then compared with experimental data of energy col- 
lected, first with an artificial source and then with the 
sun. 

Indoor experiments have the great advantage of 
being independent of the weather and thus perfectly 


reproducible, and, furthermore, results can be obtained 
any time of day or night. The sun irradiation experi- 
ments are much more difficult to carry out since they 
are affected by weather and the seasons. The best data 
with the sun were taken around noon and only on per- 
fectly clear days. In spite of the difficulty with the out- 
door experiments, such as varying wind velocities and 
air temperatures, the results are considered very satis- 
factory. 


COLLECTION OF RADIANT ENERGY 


One objective in the utilization of solar energy is to 
collect as much of the incoming energy as possible. 
Having available a great variety of materials with 
widely differing properties, different designs can be used 
to take the best advantage of these properties. 

Energy can be collected as shown in Fig. 1A, where 
most of the incoming energy is absorbed and only a 
small amount of energy reflected and radiated by the 
surface. Such a surface is a selective surface, and the 
difference between the incoming and outgoing energy 
becomes available to us. Practically all surfaces found 
in nature are selective to a certain degree and under 
certain conditions. The problem here is to find sub- 
stances or systems with high selectivity or high ab- 
sorptivity. 

If a particular surface does not have enough selec- 
tivity, one or more filters can be added (Fig. 1B), which 
will let the energy coming from the source hit the ab- 
sorbing surface, but then prevent the energy radiated 
from this surface from escaping. 

The filter does this by both reflecting part and ab- 
sorbing part of the energy radiated from the surface. 
A great number of filter materials can be used, both 
of the solid and liquid type, to form a highly selective 
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Fic. 3—Spectral energy distribution of different sources. 


system when combined with an otherwise not very selec- 
tive surface. 

Since a number of materials are good reflectors, this 
property can be used in a solar energy collector by re- 
reflecting the energy toward the absorbing surface and 
thus preventing it from escaping. (See Fig. 1C.) This 
arrangement can be repeated any number of times; for 
instance, the surfaces can be stacked one on top of the 
other. In this design it would be possible to use a ma- 
terial which is a good reflector on one side and a good 
absorber on the other. 

The characteristics of materials used as sources, as 
filters, and as absorbers or reflectors will be discussed 
later in this paper. It is, however, only possible to pre- 
sent here a small number of substances, their properties, 
and the test results. 

For the results reported in this paper all irradiation 
was normal to the surfaces. Studies have been made 
and are still underway investigating the effects of the 
angle of incoming radiation. * 

Fig. 2 gives a relative comparison between three 


sources, two of which have been used extensively. It 


* This information will be given in a later paper. 


shows the characteristics of an ideal filter and also 
gives some idea about the energy radiated by the ab- 
sorbing surface or target. 


ENERGY SOURCES 

Since the objective of this investigation was to study 
the collection of solar energy, the sun represents the 
most important source. Its spectral emission charac- 
teristics, when the target is perpendicular to the sun’s 
rays, the sun near the zenith, and the elevation only 
slightly above sea level, are shown in Fig. 3. 

Since the sun is an unpredictable source, with the 
weather, seasons, and time of day playing a major role 
in its availability, other sources have been investigated. 
The one most used was a 300-watt tungsten lamp with 
a filament temperature at about 4600°F. The data are 
plotted for a target 1 ft from the lamp. It can be seen 
that because of the lower temperature of the lamp the 
spectrum is shifted to the right with regards to the solar 
spectrum. (See Fig. 2 and 3.) 

Another source which was used here is the photo- 
flood lamp (about 5700° F), which approaches the solar 
spectrum closer. However, the life of these photo-flood 
lamps proved to be only about two hours, and they were 
discarded as a source. The data shown are for a 250- 
watt photo-flood lamp at a distance of 1 ft. 

The desired irradiation intensity can be obtained by 
moving the target closer or further from the artificial 


sources. 


FILTERS 
The characteristics of different materials which can 
be used as filters due to their selective spectral trans- 
mission are shown in Fig. 4. Among these are two 
liquids, water (3-in. layer), copper sulphate (3-in. 
layer, 10% solution); two glasses, solex heat-absorbing 
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Fic. 4—Transmission spectra of different filters. 
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Fic. 5—Absorption spectra of different materials. 
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Fic. 7—Absorption spectra of black, white, and green paints. 
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glass (j-in. thick), heat-transmitting glass (0.1-in. 
thick); and finally one plastic (5 mills thick). 

It can readily be seen from this figure that for solar 
energy collection, water, copper sulphate, and the heat- 
absorbing glass are the best of the filters shown. The 
heat-transmitting glass is the poorest. 


ABSORBING SURFACES AND MATERIALS 


Having discussed energy sources and filters, we shall 
now look at the absorption characteristics of ma- 
terials. These characteristics for specific materials 
(polished metals, flat paints) are shown in Figs. 5, 6, 
and 7. The color of the paints should not be taken as the 
criterion since wide variations were observed within 
the same color, but it was most convenient to use the 
color as the over-all designation. The ones in Fig. 6 
were selected, since they represented roughly the rain- 
bow colors. That what are essentially the same colors 
‘an give absorption spectra of extreme difference can 
be seen by comparing the two green paints analyzed in 
Fig. 7. Thus factors (grain size, pigment, vehicle, etc.) 
other than or in addition to color are of greatest im- 
portance in determining the absorption and emission 
characteristics of surfaces. 

Another interesting observation is the similarity of 
green paint Gp and the spectral absorption of leaves. 


“XPERIMENTAL PROCEDURE AND RESULTS 


Much of the work described here was made with 
paints and colored pigments. Copper test panels were 
prepared, 6 in. by 6 in., and polished. These panels 
were then painted, following closely the manufacturers’ 
recommendations, and allowed to dry slowly. Then 
their spectral diffuse reflection was obtained with a 
Beckman Quartz Spectrophotometer. 

The results obtained with panels painted in this 
manner seemed to be of greater value than those ob- 
tained by fabricating specific laboratory surfaces of 
certain definite film thicknesses, which do not have 
much similarity to the actual surfaces which may be 
used. Three test panels of each kind were prepared in 
order to have a triple check upon performance. 

These panels, with thermocouples attached to their 
back sides, were exposed individually to the artificial 
sources, and time was allowed for them to reach temper- 
ature equilibrium. For these equilibrium conditions the 
necessary data such as plate temperature, air temper- 
ature, temperature differential across insulation placed 
in back of the vertical plates, etc., were taken to allow 
‘calculation of the heat losses from the plate by standard 
heat transfer methods. 

After the indoor tests had been completed, the plates 
were mounted together on a board and exposed to the 
sun, perpendicular to its rays. The temperatures were 
recorded continuously, moving from one panel to the 
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next. Again the heat losses from the plates were calcu- 
lated by conventional methods. In these calculations 
it was, however, necessary to make a number of as- 
sumptions regarding the exact wind velocity, air tem- 
perature variation, etc., making the outdoor tests some- 
what less reliable than the indoor experiments. 

The experimental results have been tabulated in 
Table I along with the “theoretical” or predicted re- 
sults from the spectral data of the various surfaces. 
They are given on a relative scale from 0 to 1, rather 
than in terms of the actual values or number of Btu 
absorbed, since the latter could be varied with the arti- 
ficial sources by moving closer to or further from the 
source. Actual comparison on this relative scale is much 
easier. 


ANALYSIS 


Before and during the time when the experimental 
work was carried out, the spectral data were analyzed 
and the absorption determined at each wavelength. With 
this information and data on the amount of energy 
falling upon the surface from a specific source, it was 
an easy matter to determine the amount of energy ab- 
sorbed at this wavelength. Taking the energy absorbed 
at each wavelength for a specific source and summing 
it up over the whole range gives then the total amount 
of energy absorbed by this surface irradiated by the 
source. 

This procedure was followed, as well as possible, for 
the different colored surfaces listed in Table I. These 
surfaces are designated by color only, since it was the 
simplest designation and one could select the surface 
under consideration with the least difficulty. Only one 
paint of each color is reported here. The color signifi- 
eance should not be overemphasized since great vari- 
ations occur within the same color, even though the ap- 


pearance is the same to the eye. 


DISCUSSION AND EVALUATION OF RESULTS 


Looking at the results in Table I, it can be seen that 
the agreement between the ‘theoretical’ predicted 
values, based upon the spectral characteristics of a 
specific source and a specific surface, agree satisfactorily 


with the results obtained experimentally. 


TABLE I 
COMPARISON OF RESULTS 
Source Black White Red Orange Yellow Green Blue Violet 
Sun 
Spectral 0.96 0.23 0.75 047 0.38 0.91 0.65 0.64 
Exptl. 0.93. 0.32 0.80 0.55 043 0.94 0.72. 0.70 
Tung. lamp 
Spectral 0.94 043 0.76 0.49 045 0.90 0.57 0.60 
Expt! 0.95 0.49 O81 0.52 0.50 0.92 0.60 0.61 


Infra red 
Spectral 
Exptl. 0.95 0.92 0.95 0.93 0.93 0.92 0.94 0.94 


It is also observed that the surfaces remained in their 
relative positions, except for blue and violet, whether 
the sun or the tungsten lamp was used. In other words, 
it seemed to be possible to select the best or poorest 
surface relatively easily and quickly by using a tungsten 
lamp as the source. If greater accuracy is desired, the 
spectral data should be used, as we can quantitatively 
predict the performance from it. 

With infrared sources and electric hot plates set on 
end, the difference in performance disappeared, and it 
would have been very difficult to select the best absorb- 
ing or reflecting surface of solar energy with the hot 
plate as the source. 

We also noticed that the experimental results seemed 
to be consistently somewhat higher than the ‘theoreti- 
cal” results. Two reasons can be given for this difference. 

(1) The complete spectrum for the absorbing sur- 
faces was not known because of the limitations of the 
spectrophotometer. Even though the main part of the 
spectrum was determined, a portion of it had to be 
estimated. 

(2) Assumptions had to be made regarding wind 
velocity, film coefficients, temperature fluctuations, 
etc., to make it possible to calculate the heat losses from 
the plates. These assumptions could easily have been 
somewhat conservative, giving heat losses that are 
somewhat high. From equilibrium considerations these 
heat losses must equal the energy absorbed by the 
plates. 

This second reason seems to be even more likely when 
it is observed that the agreement between predicted 
and experimental results is better for the indoor tests, 
where the variables could be estimated better. 

The performance of the infrared source could not be 
predicted since the range of wavelength at which radi- 
ation and absorption occurred was outside the range 
of the spectrophotometer and the analysis could not be 
made. Available data showed, however, that the spectra 
for the different surfaces used here approached each 
other in the infrared region—a fact also borne out by the 
similarity of the experimental results for the surfaces 
tested. 

The effects reported here can be accentuated further 
or minimized by the addition of filters with the desired 
spectral characteristics. The usefulness of the filters 
can also be predicted from the spectral data. A layer 
of water on a polished metallic surface, for instance, 
proved to be of tremendous value by increasing the 
absorption capability of the surfaces. It increased on 
the average by about 80 per cent. 

Many of the newer plastics are being investigated 
as possible filters for normal incidence; in addition, 
greater reflective powers at lower angles of incidence. 

The type of finish, gloss, semigloss, and flat did not 
seem to influence the results greatly or consistently, 
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but further studies are underway, controlling such 
variables as grain size of pigment, pigment concentra- 
tion, cover power, vehicle, etc. 


CONCLUSIONS 


It seems that the following conclusions are justified, 
based upon the results obtained above: 

(1) It was possible to predict actual experimental 
performance and results from the spectral charaec- 
teristics of the source, filter, and absorbing surface. 

(2) The results shown here allow a relative per- 
formance prediction of outdoor data by indoor ex- 
perimentation. The relative position of the surfaces 
remained about the same in all except one case. 

(3) It is believed that this systematic investigation 
allows a better understanding of the characteristics 
required for the successful utilization of solar energy 
and at the same time lends itself to an investigation of 
available data without having to set up outdoor tests, 
with all their uncontrollable variables. 

(4) It was also possible to decide which surface will 
give a better performance when used outdoors by test- 


ing them quickly indoors with artificial sources. 


CLOSURE 


It is believed that this systematic approach in pre- 
dicting performance of selective surfaces and solar 
absorbers based upon spectral characteristics which are 
known or can be obtained relatively easily indoors will 
further progress greatly, since the investigation can be 
-arried out 24 hours a day under controlled conditions 
unaffected by the variations of solar incidence, weather, 
and the seasons. 

This approach also makes possible prediction of the 
performance of a surface or a combination of reflecting 
and absorbing surfaces and filters in outer space, where 
actual experimentation at this time is very difficult, if 
not impossible. 
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It has been frequently demonstrated that solar 
energy can produce power by its direct heating 
effect. It has previously been overlooked, however, 
that sunshine stores vast amounts of free energy 
in the atmosphere by lowering its relative hu- 
midity, particularly in desert areas. The presently 
described equipment is a composite of a solar 
collector, a thermoelectric generator, and a me- 
chanical converter which will generate power 
from waste heat and stored free energy of dry 
atmospheric air. 

The mechanical converter is unusual in its sim- 
plicity, its flexibility, and its capability to use 
small temperature differentials. Although the 
mechanical converter is described as associated 
with a reflecting solar collector, field tests may 
show the mechanical converter to be more prac- 
tical without the collector, in which case air of 
the greatest usefulness would be collected from 
the surface of the solar heated ground by a grid of 
air ducts. Several cycle variations are possible 
with the same basic machine, which uses air as 
the working substance. 

Although the use of salt or fresh water for 
evaporation improves the power output, the me- 
chanical converter will operate without evaporat- 
ing water if water cannot be obtained. 


INTRODUCTION 

Solar energy falls on the earth’s surface at the rate 
of approximately 80 watts per normal sq ft during clear 
atmospheric conditions. The energy is of such abun- 
dance that it could supply the electric power of the 
world. This energy is replaceable, unlike the energy of 
fossil fuels which is nonreplaceable. Many attempts 
have been made in the past to convert solar power to 
mechanical or electrical power. Mechanical converters 
historically took the form of steam engines, with 
boilers located at the focus of solar collecting reflectors. 
These primitive converters had very low efficiency be- 
cause of excessive heat losses from the boilers if they 


Thermoelectric and Mechanical Conversion 
of Solar Power 


By R. C. Schlichtig and J. A. Morris, Jr. 
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were operated at sufficiently high temperature to give 
reasonable thermal efficiency in the engines.’ Re- 
cently, with the development of thermoelectric mate- 
rials far superior to that available in the past, attempts 
have been made to convert the heat from solar radia- 
tion directly into de electric power by means of thermo- 
piles located at the foci of parabolic mirrors. Results 
have been encouraging, but both the size and efficiency 
of the units have been small.” ‘ 

The conversion device here presented is a composite 
of two separate portions of a solar converter. The me- 
chanical converter was set up and tested in the authors’ 
basement shop. The performance curve of a thermo- 
pile is shown to illustrate a typical design condition in 
matching thermopile to mechanical converter. 


THE THERMOELECTRIC PILE 


The thermoelectric element necessary for the first 
stage of the solar converter can be designed from 
experience gained from small thermopiles using pres- 
ently available materials. The physical properties of 
very good thermal materials for this purpose are pre- 
sented in the Patents No. 2,811,440 and No. 2,811,571 
issued to R. W. Fritts. Although the material de- 
scribed can be operated at 565°C for short periods 
under conditions that prevent oxidation, it is con- 
sidered desirable to limit the temperature of the hot 
junction to 450°C. Other materials observed have simi- 
lar limitations. 

It is desirable to operate a thermopile at its maximum 
temperature differential between hot junction and 
cold junction to get maximum power output and effi- 
ciency, as illustrated in Fig. 4. This means keeping the 
cold junction as cold as possible. With the condition 
imposed that heat rejected from the thermopile must 
operate the mechanical converter, this cold junction 
temperature must be of the order of 60°C. 


THE SOLAR COLLECTOR 
The solar collector must satisfy the following con- 


ditions: 
(1) Adequate effective area of collection. 
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(2) Sufficient concentration to produce the level of 
temperature required at the hot Junctions under 
load conditions. 

(3) Approximately uniform collection during the 
day. 

Research has shown that a parabolic cylindrical col- 
lector with the thermal elements at the focus will give 
sufficient concentration to maintain 320°C tempera- 
ture at the hot junction of a thermopile placed at the 
focus.” Approximately uniform collection during the day 
can be achieved by placing the collector on pivots such 
that the axis of the collector and the pivots are mutually 
along a north and south axis. 


THE MECHANICAL CONVERTER 


The mechanical converter, hereafter referred to as 
a ‘“transthermer,” is shown in Fig. 1. It is an open 
cycle heat engine using air and water vapor as the 
working substance. It can work efficiently from heat 
discharged from a thermoelectric converter at 60°C. 
Thus this heat engine can act as the heat sump for the 
thermoelectric converter. Whereas the temperature 
differential of the thermocouple should be 400°C for 
efficiency, the temperature differential of the trans- 
thermer needs to be only 20°C, as shown by the thermo- 
dynamic diagram of Fig. 3. The ambient air condition 
is taken to be that of arid regions where the relative 
humidity is 20 per cent or lower and the dry bulb 
temperature is 25°C or above. 

The immediate question may arise why the conver- 
sion efficiency of the mechanical converter is greater 
than that of the thermoelectric pile while its tempera- 
ture differential is only one-twentieth that of the 


thermoelectric part, as is shown in the temperature- 
entropy diagram of Fig. 3. The answer lies in the fact 
that the entropy of dry air and separate water vapor 
at pressure /; is less than the entropy of the same air 
with the water vapor diffused in it to a pressure Ps. 
The change of entropy is: 
2 

S = nR 
where n is the number of moles of water evaporated. 
This means that free energy is available by evaporating 
water vapor into air having a low relative humidity. 
The theoretical power available is given by: 


W.= _W._ TR, 


where: 
W; is the power equivalent of the heat flow to the 
evaporator, 
T is the absolute temperature at which evaporation 
takes place, 
is the gas constant, 
is the relative humidity of the air after evapo- 
rating water into it, 
is the heat of vaporization, 
is the theoretical isothermal efficiency. 
Given relative humidity of 20 per cent at temperature 
340°K (67°C) the theoretical efficiency is 13.5 per cent. 
Each pound of water evaporated has the potential of 
lifting a pound 117,000 ft. Intrinsic adiabatic ineffi- 
ciency of the cycle cuts these values to half. Actual 
efficiency is near four per cent. 

The mechanical converter evaporates water in the 
lower tank portion, shown in Fig. 1. This evaporation 
takes place at a pressure of but two or three pounds 
per square inch and over a large surface in contact with 
air. This eliminates the problems of sediment and 
boiler scale that are encountered with normal steam 
engines. It also means that the water need not be 
fresh, but may be salty. The magnitude of power in- 
volved means that necessary water can be pumped to 
a considerable elevation or may be syphoned for con- 
siderable distances. 


ENERGY STORAGE 


An intrinsic deficiency of solar converters of the 
thermoelectric or photoelectric type is that they 
produce no power during darkness or even cloudy 
weather. This same deficiency also applies to a less 
degree to solar collector and steam engine combina- 
tions, because water several degrees above the boiling 
point loses heat so rapidly that heat storage is imprac- 
tical. Considerable research has been done by other 
observers on heat losses in collectors at temperatures 
up to 200°F above ambient.’ Heat storage at 200°F 


: 
: 
7 
P 
159 
: 
: 

: 

15 


COMPLETE SOLAR CONVERTER 
Fig. 2 


(93°C) above ambient is not efficient enough to be use- 
ful for a thermoelectric converter, as is shown by Fig. 4. 
Storage of heat by materials with fusion points in the 
temperature range required by thermoelectric hot 
junctions becomes costly and inefficient. 

The picture is much brighter for the storage of heat 
for operating the ‘‘transthermer.”’ The requirement 
here is merely for water at a temperature to produce 
90 em or more of vapor pressure. This is attained at 
50°C, which may be only a few degrees above ambient. 

Heat storage for greater periods than a few hours 
seems impractical. Solar energy converters should be 
tied into a power network including hydroelectric 
storage for long period power equalization. The ocean 
can be employed for hydroelectric storage. 

No actual tests have been made on the storage ot 
heat for this heat engine. But assuming a thermal 
conversion efficiency of 4 per cent, with heat loss of 20 
per cent, and a total temperature depression of 20°C, 
it would require 765 cu ft of heated water to deliver one 
kilowatt for sixteen hours, or 765 cu ft at 1000 ft ele- 
vation. 

The thermoelectric converter associated with the 
mechanical converter would have its greatest usefulness 
as a means for starting the accessory equipment such 
as pumps and blower, and as a peaking power source 
in areas where power demands for industry, irrigation, 
and air conditioning are likely to be the greatest during 
the middle of the day. The absence of moving parts in 
the thermopile makes it highly reliable; this converter 
can carry emergency load during service shutdown 


for the mechanical converter. 


THE COMPLETE CYCLE OF OPERATION 

The complete solar converter is illustrated in Fig. 2. 
Solar radiation falls on the parabolic collector, C, and 
is concentrated at the hot junctions of the thermopile, 
J, which is located at the focus, F. All the thermoele- 
ments are connected in electrical series, so there is al- 
ternately a hot junction and a cold junction. The heat 
flows away from the hot junction through both con- 


nected elements, while the current enters by one junc- 
tion and leaves by the other. Thus heat flows with the 
current in one element and counter to the current in the 
other element. Therefore the elements must be of two 
kinds of material having opposite thermoelectric prop- 
erties. They are designated respectively as ‘‘p’’ mate- 
rial and ‘‘n” material. Electrical and thermal con- 
ductivity of both materials increase as temperature 
increases. This property permits heat to flow through 
the converter more rapidly when heat is supplied at 
a greater rate, which helps prevent the temperature 
from rising so high at the hot junction as to fuse the 


” 


material. 

Water is circulated through the heat exchanger, X, 
surrounding the cold junctions of the thermoelements 
by pump, ?. Thus water acts as a heat sump for the 
thermoelectric generator and as a heat storage medium 
at S. It then carries heat to the hermetic enclosure of 


the ‘“‘transthermer,’’ £, where it is used to produce 
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evaporation at a gage pressure of 1-5 psi. A large 
evaporating surface is provided in FE to speed evapora- 
tion. The surplus water returns to pump. Air flow is 
from 675 to 1080 cu ft per minute. It requires only a 
s-hp motor to overcome bearing friction and the dy- 
namie reaction of the circulated air. 

Pressure is built up in the evaporator by the added 
partial pressure of the water vapor. This pressure be- 
comes usable to drive an air turbine A at temperatures 
above 120°F (49°C). At this temperature the added 
pressure becomes 1.69 psi, which represents one tenth 
of the total volume. Thus, if there are no volume 
losses, 67.5 to 108 cu ft of moist air per minute at 1.69 
psi pressure could be delivered to the air turbine with 
0.5 indicated horsepower. The machine would need to 
be very efficient to operate at this condition. But the 
gross indicated power rises nearly as the square of the 
vapor pressure, which nearly doubles with each 16°C 
rise in temperature. Thus at 60°C the vapor pressure is 
2.89 psi, which represents 19 per cent of the original 
volume. This permits 190 cu ft of air per minute to be 
delivered to the air turbine at a gage pressure of 2.89 
psi. This indicated power is 2.4 hp or 2 kw. Again, the 
actual power depends largely on the amount of leakage 
between the edges of the rotor vanes and the housing. 

The function of the pressure inverter tube, B, is to 
conserve the pressure in evaporator so it can accumu- 
late to gage value considerably in excess of the water 
vapor pressure. This can be done because of Dalton’s 
principle, which allows vapor pressure to add to any 
previously provided air pressure. Therefore the dry 
air should be compressed before vapor is added to it. 


The pressure inverter tube acts similar to turbine and 


compressor combination to maintain an elevated pres- 
sure in the combustion (expansion) chamber of a gas 
turbine jet engine. As the pressure inverter tube comes 
in communication with the moving intervane spaces 
with pressure greater in the one at the left end than 
the one at the right end, air surges from the left to the 
right. Momentum and kinetic energy in the mass of 
air in tube, B, causes it to pass equilibrium condition 
and reverse the pressure condition in the vane en- 
closed compartments at the left of the rotor and at the 
right of the rotor. Thus compressed air does not leave 
at the discharge, and energy of compression is not lost. 
Instead, the energy is used in compressing air before it 
enters the evaporator. This permits gage pressure to be 
maintained in the evaporator considerably above the 
vapor pressure. 

Leakage is reduced by designing the vanes with 
double seal edges which act as a crude labyrinth seal. 
Labyrinth seals are used at each end of the hub. Actual 
friction exists only in the ball bearings. 

The pressure inverter tube must have a volume at 
least 0.025 the volume enclosed between adjacent 


vanes in order that the peak kinetic energy of the en- 
closed mass of air can be sufficient without attaining 
velocity higher than approximately 0.6 the speed of 
sound. Energy losses in air passages become very 
great at speeds approaching that of sound. It is also 
necessary to have the passage of sufficient cross-section 
that air pressure reversal in the vane enclosed spaces 
can take place in slightly less than one hundredth of a 
second. 
RESULTS AND CONCLUSIONS 

Over-all thermoelectric efficiency is low (1.5 per 
cent), but more efficient materials are being developed 
that may yield 5 per cent efficiency. Good thermoelec- 
tric materials are new and as yet quite expensive. But 
it is felt that this is no hindrance to the use of thermo- 
electric converters because the weight of material used 
need not be large. The weight of material used in any 
design can be reduced by 75 per cent by simply cutting 
the length in half. This in turn reduces the necessary 
cross-section to half, for the resistance to the flow of 
heat follows the same law as resistance to flow of an 
electric current. It is expected that greater use of 
thermoelectric materials will reduce the cost. There is 
also steady progress in the production of materials 
that will operate at higher temperature. All heat lost 
from the thermoelectric converter can be applied to the 
mechanical converter. The solar collector need be no 
larger to serve both thermoelectric and mechanical 
converters in sequence than to serve one converter 
alone. The usable life of thermoelectric materials should 
be indefinite, but research has not determined what 
limitations there may be. There are technical problems 
in making good electrical connections with thermo- 
electric material. 

The collector is likely to give the greatest main- 
tenance problem, as the specular reflectivity of the 
surface must be kept quite high. Dust will tend to col- 
lect on all surfaces that are not oriented at a steep 
angle. Also wind-blown dust will probably present an 
erosion problem. The thermopile must be operated at 
optimum temperature, so it demands that a simple 
tracking mechanism be employed to keep the collector 
oriented toward the sun during the day. Unless the 
collecting system and thermopile are each of high qual- 
ity the value of the thermopile is marginal. If the 
transthermer alone is used, a fixed solar collector is 
adequate. 

It is found practical to build the rotor of the me- 
chanical converter such that the clearance between the 
rotor vanes and the housing is but 0.004 in., if it is made 
of steel. This limits leakage to 60 cu ft per minute. It 
is found that aluminum has too great thermal expan- 
sion to achieve these limits. Tests indicate necessary 
clearance of 0.008 in. when rotor and shell are made 
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of aluminum. Leakage increases at a rate which is 
near the second power of the clearance value when of 
this order. 

With inverter tube well streamlined, it is found that 
pressure conservation is good. The energy losses due to 
allowing moist air to leave in an unexpanded condition 
can be kept to a much smaller value than energy losses 
due to leakage. The inverter tube recovered 75 per 
cent of the dynamic volume loss. 


The mechanical converter should operate at a tem- 
perature to give 4 per cent efficiency. This requires 2-5 


psi pressure in the evaporator. Higher pressure in the 
evaporator can raise the efficiency to 6 per cent. This 
may give an over-all efficiency of 10 per cent in com- 
bination with newly developed thermoelements. The 
solar energy input needed for a 2-kw converter at 4 


per cent efficiency is 50 kw. Assuming collector effi- 
ciency of 50 per cent, 1,250 sq ft of solar radiation must 
be intercepted. 
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Solarization Studies on Polyester Resins Using a 
Heliostat-Spectrometer 


By R. C. Hirt, R. G. Schmitt and W. L. Dutton 


Central Research Division, American Cyanamid Company, Stamford, Connecticut 


Natural sunlight has the photochemical effect 
referred to as “‘solarization”’ on polyester resins, 
producing yellowing as well as causing undesir- 
able changes in other physical properties. The 
question of what wavelengths in the ultraviolet 
portion of the solar spectrum are responsible for 
the solarization has gone unanswered for lack of 
experimental data. It was decided to study the 
solarization of polyester resins using natural sun- 
light and to measure the conditions as closely as 
possible during exposures. 

A heliostat was constructed to send a beam of 
sunlight into a fast optical system consisting of a 
concave mirror and a quartz prism mono- 
chromator. The ultraviolet portion of the solar 
spectrum was spread across the resin sample 
which was in the focal plane of the spectrometer. 
The ‘‘activation spectrum” is the degree of yel- 
lowing as a function of incident wavelength as 
determined by densitometering the resin sample 
with monochromatic blue light. 

Polyester resins which were cross-linked with 
polystyrene were studied. The dibasic acids pres- 
ent were varied among phthalic plus maleic, 
adipic plus maleic, succinic plus maleic, and all 
maleic. Virtually identical activation spectra were 
obtained for the formulations, with maxima near 
3300 A. 

Plots of yellowing versus the logarithm of the 
exposure gave straight lines, showing that, for 
monochromatic light, the resins obeyed the 
classic Hurter-Driffield law of photographic 
materials. Inertias and slopes were nearly the 
same for all formulations. 

In cases where the samples were solarized at 
very high rates, a dark reaction was observed 
following exposure which caused a fading of the 
yellowing. This may be interpreted as the destruc- 
tion by oxygen of trapped free radicals. 


INTRODUCTION 


Sunlight has the photochemical effect on polyester 


resins of producing yellowing. This is referred to as 
“solarization.”” Additional undesirable changes may 
take place in other physical properties. The question of 
what wavelength regions in the ultraviolet portion of 
the solar spectrum are responsible for the solarization 
has gone unanswered for lack of experimental data. 
In addition, correlations between outdoor and indoor 
exposure tests frequently fail, due both to the fact 
that outdoor conditions are not standardized and that 
the various indoor sources have widely differing spectral 
energy distributions and do not duplicate natural sun- 
light.! Hence it was decided to study the solarization 
of polyester resins using natural sunlight and to measure 
the conditions as closely as possible during exposures. 

A heliostat was constructed to send a steady beam 
of sunlight into a fast optical system consisting of a 
concave mirror to concentrate the beam and a fast 
spectrometer. The ultraviolet portion of the sunlight 
was spread out across the polyester sample in exactly 
the same manner as if it were a photographic plate in 
a conventional spectrograph. Densitometry of the 
samples was also done as though they were photographic 
plates, but using monochromatic blue light. Plots of 
the extent of yellowing versus wavelength of the inci- 
dent light produce an “‘activation spectrum.’’ Rates of 
yellowing are obtained from plots of extent of yellowing 
versus exposure, or total energy received. A consider- 
able degree of acceleration was obtained. 


” 


APPARATUS 


The heliostat unit proper consisted of a 12-in. square, 
front-surface aluminized mirror which was mounted 
to rotate about an axis parallel to the axis of rotation 
of the earth, driven by a synchronous motor and re- 
ducing gears. The beam from the rotating mirror was 
sent down the axis of rotation to strike a similar mirror, 
which reflected the beam vertically downwards into the 
building below. The optical system is shown diagram- 
matically in Fig. 1, and the external heliostat is shown 
in Fig. 2. Fig. 3 shows the indoor optical and electrical 
components. 

A 12-in. square mirror inclined at 45° to the hori- 
zontal reflects the beam to the coneave mirror which 
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Fig. 2 


View of heliostat and protective housing. 
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Indoor optical components, showing photochemical, 
spectral distribution, and monitoring monochromators. 


focuses it just after reflection from the small mirror 
mounted in Newtonian fashion. An f/1.25 quartz lens 
(which is over-filled by the beam from the concave 
mirror) renders the concentrated sunbeam parallel, 
and a second quartz lens focuses it on the slit of the 
photochemical spectrometer. The optical path of this 
spectrometer includes two large quartz 30° prisms, 
which are the limiting apertures of the system, giving 
it a speed of f/2. The entrance slit is imaged on the 
plastic sample which is fastened in the focal plane at 
the exit slit of the spectrometer. 

The image of the sun on the entrance slit is 2 mm in 
diameter, and the slit is 0.5 mm wide. About one-third 
the power in the image is admitted to the spectrometer. 
The system is focused for the 2900 to 4000 A region, so 
the visible and near infrared regions are somewhat 
out of focus at the entrance slit. These portions of the 
spectrum are ultimately reflected onto and absorbed by 
the interior wall of the spectrometer in a highly dis- 
persed condition to avoid the overheating of the exit 
area of the instrument. The installation was made in 
a building located north of the main laboratory in 
Stamford, Connecticut, having a location of 41°03’04” 
north latitude and 73°33/45” west longitude. 

To protect the outdoor optical and electrical com- 
ponents from the weather, a mobile housing was pro- 
vided which operated on rails. This cover was rolled 
to the open position by a motor and cable arrangement, 
and held open by a magnetic clutch. Closing was 
effected by a heavy counter weight released by the 
clutch. The unit was designed to operate without super- 
vision except for start-up in the mornings and oe- 
casional checks during exposures. The cover was closed 
by a timer about 5 p.m., or by a rain-sensitive element, 
or by semi-darkness due to clouds. The latter was 
effected by a photocell viewing the sky through a 
hemispherical diffusing globe, which released the coun- 
ter-weight clutch when the sky became darkened with 
clouds. The mirror was operated in reverse during the 
night by use of limit switches, so that the same gear 
teeth were engaged at the same hour each day. 

No automatic corrective devices were used for 
“tracking” the sun. The altitude and azimuth adjust- 
ment screws used produced reasonably good tracking, 
but operated a little ‘‘fast.”” An electrical timer made 
periodic halts of a few seconds during the day to bring 
the image into proper register; this was determined 
empirically. The change in declination was adjusted 
manually each day. 

The extent of exposure was monitored by diverting 
a small pencil of light into a second spectrometer, 
referred to as the monitoring spectrometer. This con- 
sisted of a slit, a 60° quartz prism with a Littrow 
mirror, and a phototube. The latter was permitted to 
receive, by use of baffles, exactly the same ultraviolet 
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wavelengths as struck the exposed plastic sample. The 
photocell signal was amplified and presented on a 
Micromax recorder. A gear on the slidewire of the 
recorder turned a 10-turn helipot, which regulated the 
voltage from a battery to a small, low-inertia motor 
driving a counter. This integrated the intensity of 
the sunbeam with time, and compensated for occa- 
sional clouds, haziness, ete. A ferri-oxalate actinometer? 
was used behind the photochemical spectrometer to 
valibrate the integrator’s counter units in terms of 
joules (watt-seconds). All exposures were expressed 
in joules rather than in units of time. 

A third spectrometer is also shown in Fig. 3. This 
is a Bausch and Lomb grating monochromator, fitted 
with a quartz lens to focus the incident sunbeam onto 
its entrance slit. A photomultiplier, feeding into a 
Photovolt-type 520-A amplifier and meter, was rigidly 
mounted beyond the exit slit of the monochromator, 
and was calibrated with the ferri-oxalate actinometer. 
The wavelength drum was turned manually during 
the taking of the spectral energy distribution data, using 
a standard form for recording the data. This was the 
same unit as was used for the comparison of the spectral 
energy distributions of indoor test light sources, de- 
scribed elsewhere.! Energy was expressed in microwatts 
per sq em per 30-A band. 

A microphotometer, or densitometer, of the Knorr- 
Albers type was modified to operate with monochro- 
matie light. An 85-watt type AH3 mercury lamp and 
filters were used to isolate the 4358 A line of mercury. 
The red-sensitive phototube was replaced with a blue- 
sensitive tube. The solarized portions of the polyester 


samples, being yellow, absorbed blue light. 


DATA AND DISCUSSION 


During 1956 and 1957, polyester formulations cross- 
linked with polystyrene were studied. The dibasic acids 
present were phthalic and maleic, adipic and maleic, 
succinic and maleic, and all-maleic. The dihydric 
aleohol used was propylene glycol. The formulations 
included 30 per cent styrene for cross-linking. In addi- 
tion, phthalic-maleic-propylene glycol styrene 
formulations in which the alkyl-to-styrene ratio was 
varied were studied. 

The activation spectrum is the extent of yellowing 
versus the wavelength of the incident light, and arises 
from a function of the absorption spectrum of the 
photosensitive entity or entities, their quantum yields, 
and the spectral energy distribution of the source. 
Virtually identical activation spectra were obtained 
for all the formulations, stretching from the lower limit 
of natural sunlight near 2900 A to about 3500 A, with 
the maxima generally in the vicinity of 3250 to 3300 A. 

Plots of yellowing (measured by the absorbance at 
4358 A) at the maxima of the activation spectra versus 
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Fic. 4—Plot of yellowing (measured as absorbance at 4358 A) 
versus exposure in joules for the succinic-maleic poly- 
ester formulation. 


the exposure (in joules) gave curves. Plots of yellowing 
versus the logarithm of the exposure gave straight lines. 
This shows that for monochromatic excitation the 
polyesters obeyed the classic Hurter-Driffield law of 
photographic materials. The slope of the yellowing 
vs. log exposure curve, known as “gamma” or ‘“‘photo- 
graphic contrast,’’ was virtually the same for all formu- 
lations. The inertia values were likewise very nearly 
the same. The equation of the Hurter-Driffield law? is: 
A = y (log FE — log 7) 
where: 


is the absorbance or optical density, 

is the slope, or contrast, 

is the exposure, or product of intensity and time, 
measured in joules (1 joule = 10’ ergs = 1 watt- 
second), 

is the inertia, in joules. 


The data for the inertia and contrasts of the various 
formulations are summarized in Table I and shown for 
the succinic-maleic samples in Fig. 4. 


TABLE I 


RATE OF YELLOWING OF POLYESTER FORMULATIONS 


Contrast, or rate 
of yellowing, (in 
absorbance 
log exposure 


Alkyd Inertia 
Formulation type styrene (in 
ratio joules 


Adipic/maleic. . . . 70/30 
Phthalic/maleic. 70/30 
All-maleic 70/30 
Succinic/maleic. 70/30 
Phthalic/maleic. 85/15 
Phthalic/maleic.... 70/30 
Phthalic/maleic. 40/60 
Phthalic/maleic. 25/75 
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From the similarity of the activation spectra and the 
values for contrast and inertia, it appears that the 
yellowing or solarization phenomena are associated 
with photosensitive entities common to all formula- 
tions. This may be associated with the cross-linking 
polystyrene or due to isolated absorbing centers such 
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Fic. 5—Plot of per cent yellowing remaining versus time (on 
a logarithmic scale) at room temperature (phthalic- 
maleic formulation 


| YEAR 


od 

= 
< 

w 
z 

< = 
« 
o 

| = 

2 |. MM. 
DISTANCE 
Fic. 6—Penetration of yellowing: absorbance at 4358 A versus 
distance from solarized surface. 


as carbonyl (ketone) groups. The latter is considered 
the more likely explanation. 

A dark reaction, which consisted of a fading of the 
yellowing, was observed. This effect is quite opposite 
to the continued yellowing in the dark found by other 
investigators, using polychromatic excitation. The 
fading of the yellowing was followed with time, and 
found to be logarithmic with time, as shown in Fig. 5. 

It appears that two types of yellowing are involved, 
one a permanent yellowing and the other a transient. 
If samples are yellowed at low rates, the fading or dark 
reaction may not be observed, since the observed 
yellowing rate is really the resultant of the permanent 
vellowing rate and the transient yellowing which has 
nearly completely faded back. At the high rates of 


yellowing obtained from the heliostat-spectrometer 
unit, where perceptible yellow may be found within 
two hours with 20 to 40 joules, the dark reaction is 
noticeable. Refrigeration to 0°C slowed the fading rate 
by approximately one-half. 

An explanation of the fading phenomenon is that 
the yellowed centers are quite reactive (possible trapped 
free radicals) and they are destroyed by the penetration 
of oxygen into the plastic. 

An attempt was made to calculate an activation 
spectrum by multiplying the spectral distribution of 
sunlight in the ultraviolet! by the observed absorption 
spectrum of the unexposed plastic samples, wavelength 
band by wavelength band. These calculated activation 
spectra did not show maxima near 3250 A, however, 
but continued upwards to the limit of terrestial sun- 
light. This is interpreted as showing that the photo- 
sensitive entity (or entities) do not have the same ab- 
sorption spectrum as the total formulation, but rise 
at a much slower rate toward short wavelengths. This 
further strengthens the isolated ketone group ex- 
planation. 

During the course of the exposure work, it was de- 
sired to examine the penetration of the yellowing 
through the sample. A yellowed sample was cut in two, 
and the pieces turned 90° toward each other, so that 
the yellowed surfaces were in contact. The sample was 
densitometered in this position, producing a curve that 
rose to a maximum at the point of contact and fell 
again across the second piece. The values were plotted, 
as in Fig. 6, to show that the yellowing varies in- 
versely with the logarithm of the distance from the 
exposed face, as would be predicted from the absorption 
law (Beer’s Law). 
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Mankind, Civilization, and Prosperity 


By A. F. A. Reynhart 


Velsen, The Netherlands 


Mankind is exhausting his sources of energy at 
an alarming rate. Within about 50 years oil sup- 
plies will be exhausted, and the coal will not last 
longer than 90 years. Even atomic energy, of 
which so much is expected, can provide us with 
energy only for a couple of centuries if the present 
increase in consumption continues. Therefore, it 
is of vital importance to stimulate the utilization 
of energy from natural sources such as solar 
radiation, wind power, and hydro power. 


It is not easy to give a definition of “civilization,” 
because every man defines it by his own standards, 
dependent upon the milieu in which he is living. When 
we consider exclusively the Western World, that is, a 
world in which only 25 per cent of the total population 
of our earth is living, then the generally accepted stand- 
ard states that the level of civilization is defined by the 
use of energy by the people. It is tacitly accepted that 
civilization goes together with prosperity. 

Perhaps it would be more realistic not to speak about 
civilization at all, but to put the accent more on pros- 
perity, which directly implies the use of energy. 

We can distinguish several different kinds of energy. 
For convenience sake we shall express the quantities of 
energy in a unit Q first used by Putnam! in the United 
States and defined as the energy equivalent to 0.25 X 
10° keal, or 30 & 10° tons of charcoal. The principal 
kinds of energy are: 


(1) Energy of the Sun 
On the average, this energy amounts to 2300 Q per 
year, divided over the earth as in Fig. 1. 


(2) ‘‘Inspired’’ Energy 

This energy is fixed in plant material by the photo- 
synthesis of carbon dioxide and water under the in- 
fluence of sunlight catalyzed by chlorophyll, enzymes, 
and salts: 
+ nH.O + n X 112 keal (CH.O)n + nO, 
The reaction is endothermic and takes place at rather 
low temperatures. The required energy is delivered by 
a part of the radiant energy of the sun, viz., the spec- 
trum range 0.6-0.7 yw. The reaction in the reverse 
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Fria. 1—Heat balance of the earth. 


direction represents respiration, in which carbohy- 
drates are oxidized to carbon dioxide and water by 
oxygen from the air at temperatures of 30-40°C. Both 
reactions, photosynthesis and respiration, take place 
only in the living organism. 

The quantity of inspired energy on earth is limited 
by the net output of photosynthesis. Considering that 
only one-fourth of the sun’s energy, viz., 600 Q per 
year, is falling on land, and that from the point of view 
of climatological factors and soil structure about 40 
per cent of this surface is suitable for photosynthesis, 
then only 240 Q per vear is available. The maximum 
output of photosynthesis amounts to 0.5 per cent. Using 
an average of 0.1 per cent, we get an amount of 0.24 
Q per year inspired energy which is really available. 
The total quantity of energy that mankind consumes 
nowadays is 0.1 Q per year. 

(3) Stock Energy 

This form of energy is present in the reserves of fossil 
fuel (oil and coal) which has been conserved by the 
earth over about 300 million years. The reserve nowa- 
days is valued at 25 Q for oil and 150 Q for coal. These 
figures represent the known as well as the estimated 
reserve. In reality we have to calculate with one-third 
of these quantities. 


(4) Atomic Energy 


Atomic energy can be divided into: 
(a) energy from the disintegration of the elements 
uranium and thorium, 
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(b) energy from the fusion of the element deuterium, 
i.e., the heavy isotope of the element hydrogen 
ealled heavy hydroge n. 

As to the available quantities, we shall again use the 
highest valuation for the known and estimated quanti- 
ties of uranium and thorium present in the earth. 

For uranium and thorium this quantity amounts to 
1800 Q. Starting with a disintegration energy of one 
ton U 235 equivalent to 2 XK 10" keal or with 2.5 & 108 
ton coal of S000 keal per kg, we calculate a world stock 
equivalent to 22.5 million tons U 235. This quantity 
consists of 99.3 per cent of U 238 that is not fissionable; 
the rest, or 0.7 per cent, consists of U 235, an isotope 
of the element uranium that is fissionable. Using 
natural uranium, only ;}» of the above-mentioned 1800 
Q, i.e., about 13 Q, would be available. Fortunately 
it is possible to convert the U 238 by breeding into 


plutonium, which is fissionable like U 235. 

Because of the rather short half-life of the inter- 
mediate products, it is possible to convert the U 238 
by a capture of slow thermal neutrons (with an energy 
of about 0.5 ev per neutron at 300°C) into plutonium, 
with a half-life of about 24,000 years. Moreover, the 
plutonium disintegrates slowly into U 235. The mecha- 
nism of these reactions is presented by the following 
scheme (Fig. 2) 


2.8 K 10" yr; 23.5 min; 2.3 days; 24,000 yr; 
7.07 X 10° yr 


1T 


Another element from which we may obtain fission- 
able energy is thorium. This element is present in the 
earth’s crust only in small amounts, and like U 238 it is 
not directly fissionable. In the same way, it can be con- 
verted into U 233 by neutron capture as follows: 


Theoretically, therefore, the elements U and Th can 
be completely used. Up to now techniques have not been 
developed to the point that the breeding processes can 
be realized on a large seale, and even when this is 
achieved we will have to calculate with an efficiency of 
conversion of far less than 100 per cent. If we consider 
that of the 1800 Q only one-third, or 600 Q, will be 
available as useful energy we are still being very 
optimistic. 

Deuterium fusion reactions have already been ap- 
plied in the hydrogen bombs, where the fusion reaction 
proceeds in an uncontrolled fashion at about 20 million 
degrees C. It is under these conditions that the sun 
produces atomic energy from hydrogen. 

The most simple fusion reaction is: 


D+ D — .He® + on' + 3.3 Mev 


The production of energy per ton Ds, equals that of 1 
ton U 235. When we consider the sea as possible source 
of Ds, it ean be calculated that, with a D.O content 
of 0.015 per cent, the total amount of D.O is about 210 
x 10" tons or 40 & 10" tons of De. This is equivalent 
to 100 X 10" tons of coal or 3 X 10° Q. If we assume 
that only one-third can be recovered and that, more- 
over, the efficiency of conversion is 100 per cent, then 
the available energy from Dz, is only 10° Q. 

Summarizing, we can give the following very opti- 
mistic statement of the reserves of energy: 


‘petroleum 8.7Q 
Oil: oil shale and sands. . 8.7Q 
gas (natural) 5.6Q 
23.0 Q (stated as 25 Q) 
Coal 150 Q 
U + Th 1800 Q 
Deuterium 3X 10°Q 


Of these stocks only one-third may be considered as real. 


LONG WILL ATOMIC ENERGY AND 
STOCK ENERGY LAST? 


HOW 


To answer this question we have to know the con- 
sumption of uninspired energy by mankind. According 
to Putnam, mankind used about 9 Q up to 1850, and 
from 1850-1950, 4 Q. Furthermore, it appears that by 
dividing the past century (1850-1950) into periods of 
10 years, the increase of the energy consumption 
amounts to 4—4.6 per cent per year. (The periods of 
war are not included.) If, for the next 25 years, we 
count on an increase of 4 per cent per year, the total 
consumption at the end of this period will be 4.5 Q, 
at a commencing expenditure of 0.1 Q in 1958.? (The 
figure 0.1 Q is rounded off. In reality it is 6 per cent 
more, i.e., 0.106 Q.) 

The specification of the world expenditure in 1958 


is as follows: 
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Energy Q Per cent 
Oil. : 0.040 37 
Natural gas es 0.013 2 
Coal 0.053 49 
Water power 0.002 2 
0.108 100 


Non-commercial fuel 0.012 
Exclusive of water power, the consumption is 0.106 Q, 
rounded off to 0.1 Q. 

Fig. 3 represents the cumulative consumption based 
on the formula 
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where: 


Q) = commencing consumption, here 0.1 Q, 
p = per cent increase per year, 
n = number of years. 


Besides the curve for an increase of 4 per cent per year, 
we have calculated the curve for an increase of 1 per 
cent per year. The ordinate gives the number of years; 
the abscissa at the top of the figure shows the total 
Q values and at the bottom the one-third Q values. 
Using the one-third Q values we can see that the 
reserves of oil and coal will be used with an increase of 
| per cent per year after about 200 years and with an 
increase of 4 per cent per year after 80 years. Taking 
the quantities of oil and coal on an equal basis (this 
situation existed before 1958), then the oil will be 
used up after 90 years with | per cent increase per year, 
or after 50 years with 4 per cent, i.e., in about the year 
2010. Nuclear energy will last just a little longer, but 
after a rather short time this energy, too, will be ex- 
hausted. Then the last source will be deuterium, if, 
in the meantime, we succeed in converting this ma- 
terial into usable energy. For the time being it is wise 
not to expect too much of it, especially when we con- 
sider that the expectations today are that in 25 years 
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Fig. 3—World use of energy from 1959. 


only 10 per cent of the energy needs can be covered 
by nuclear energy. Therefore, development in this 
field must continue at a quicker rate. 

The total quantity of uranium and thorium will be 
sufficient for only 150 years (with an increase of 4 
per cent per year). Including the D-energy, all the 
presently available sources of energy will be exhausted 
in 560 years. Our calculations are optimistic; the real 
picture is worse. 


WHAT IS THE FUTURE OF MANKIND? 

This question involves the following problems: 

(a) What form of energy can we use when the whole 
stock of raw material for the production of 
energy is exhausted? 

(b) What is the situation in connection with the 
food supply and the increase of the world popu- 
lation? 

(c) What is the meaning of technology in this future? 

An increase in the consumption of energy of 4 per 
cent per year means that within 100 years the reserves 
of oil and coal will be exhausted. Continuing with the 
exploitation of uranium, even if deuterium proves 
usable, will produce a gigantic scar in the earth’s 
crust within only a couple of centuries, and posterity 
will have to face the disastrous consequences. The only 
form of energy mankind will have at his disposal, then, 
is the energy of the sun. 

We can distinguish between the energy of heat radia- 
tion and of light radiation. In addition, we are familiar 
with derived solar energy, i.e., wind and water power, 
undulation, geothermal energy, and the tides. Before 
mankind has to live by the sun’s energy alone, there 
will be a period in which the element carbon will be 
exhausted as fuel and also as raw material for chemical 
and metallurgical purposes. The energy from the 
burning of carbon can be replaced by atomic energy. 
However, nuclear energy cannot replace carbon for 
industrial purposes, unless it can be used to extract 
carbon from the large available quantities of limestone. 
In this respect, it is interesting to know that the quan- 
tity of carbon in the sedimental limestone formations 
amounts to about 0.1 X 10" tons.’ Transformed into a 
combustible state, this means a profit of 3 X 10° Q, 
i.e., 2,000 times the energy fixed in the present quan- 
tities of coal (150 Q). 

Long before the above-mentioned process can be 
realized, the difficulty of keeping the gasoline engines 
going will arise, because, at least in automobiles, these 
cannot be replaced by nuclear engines. The raw ma- 
terials suitable for this purpose are wood and the 
fermentation products of carbohydrates, both of which 
are photosynthetic products and therefore in limited 
quantity. 

According to recent statements of the Food and 
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Agricultural Organizations of the United Nations 
(F.A.O.), the total surface covered with forests on the 
earth amounts to 4 X 10’ sq km, i.e., about 30 per cent 
of the total land surface. Of this forest surface, only 35 
per cent is remunerative, 30 per cent is not (yet?) ac- 
cessible, and the last 35 per cent is not productive. In 
1953 the production of wood was 1.05 X 10° cu m, 
corresponding to 0.42 X 10° tons. With an efficiency 
of combustion of 4000 keal per kg, the fuel value is 
only 0.007 Q. However, most of the wood production 
will be used as building material instead of fuel. Even 
if the present wood area is doubled in the future and 
this increase is destined entirely for fuel purposes, 
only 0.01 Q per year will be gained, i.e., 10 per cent of 
the present annual use of energy. 

The production of carbohydrate will likely be re- 
served for food supply in the first place. It is possible 
to convert carbohydrates by anaerobic fermentation 
into alcohol, but presumably photosynthesis will not 
produce enough material to fill our food requirements, 


let alone our fuel needs. 


FOOD SUPPLY AND WORLD POPULATION 


It is interesting to estimate how much the world 
population may grow in comparison with the food 
the available land can produce. From recently pub- 
lished information of the F.A.O., we learn that 10 
per cent of the land area on earth, ie., 13.3 X 108 
sq km, is used as arable land. Moreover, some 23.6 X 
10° sq km is exploited as grass land. This makes a 
total of 37 X 10° sq km, or, rounded off, 40 & 10® sq km. 

Whether this agricultural area will be increased in 
the future is an open question. According to the F.A.O., 
another 42 per cent could be suitable for agriculture. 
We can consider this figure as an extreme maximum. A 
more realistic value is the enlargement by 15 X 10° 
sq km (as given by Osborn), sufficient for the food 
supply of 10° men. On this basis we could expect that 
about 55 X 10° sq km can feed a population of 3.5 & 10° 
men (the expected population of the earth in the year 
2000). Caleulating with an average food norm of 2500 
keal per man per day, this population will need 0.0125 
Q per year as food, i.e., photosynthetic energy. 

As well as food, mankind also needs clothing, for 
which fibres like cotton, wool, silk, jute, ete., have 
to be grown. The fuel value of the quantity of fibres 
grown in 1954 amounts to 0.007 Q. 

Finally, livestock and fish are needed, not only for 
protein production, but also for numerous industrial 
raw materials like train-oil, skins, wool, hair, ete. In 
1953/54 the world livestock, so far as is registered, 
was composed of 815 million cows, 855 million sheep, 
and 350 million pigs. With a total weight of 250 « 108 
ton and a respiration of 50 keal per kg weight per day, 


we arrive at a quantity of energy equal to 0.02 Q that 
must be brought in as a minimum amount of photo- 
synthetic energy. The world fish consumption is 25 X 
10° ton per year, corresponding to 10~* Q. This quantity 
is negligible. 

Altogether, the population of 3.5 X 10° men will 
need at least 0.05 Q of photosynthetic material for 
the first necessities of life. By way of precaution we 
shall make this quantity 0.1 Q. As the radiant energy 
of the sun falling on 55 X 10° sq km amounts to 250 Q, 
of which 50 per cent or 125 Q is useful for photosynthe- 
sis, we see that the efficiency of the conversion is only 
0.08 per cent. This very low output can hardly be in- 
creased, as the living cell is playing the biggest part in 
this synthesis. 


WHAT IS THE MEANING OF TECHNOLOGY IN 
THIS LIMITED SOCIETY? 


It is interesting to consider the moment when all 
the known sources of energy will be exhausted and 
mankind will be dependent upon the sun alone. 

First of all, mankind will have to choose the warm 
parts of the earth for his home. This will be the terri- 
tory approximately between the parallels of 30°N and 
30°S, comprising half the earth’s surface. In this zone 
20 per cent is occupied by land, i.e., } X + X 500 X 
10°, or 50 X 10° sq km, or only 10 per cent of the earth’s 
surface. 

The sun’s energy on this area is 0.1 X 2300, or 230 Q 
per year. To get an idea of the extent and the technical 
difficulties involved in solar energy, imagine that only 
0.1 per cent of this energy is used; that means a pro- 
duction of 0.23 Q per year. This is about 2.5 times the 
present consumption. The difficulty lies in the fact 
that not only does the energy reach us at a very low 
temperature level, but also the operations have to 
\vork intermittently because the sun does not shine 
by night. 

The area between the 30° parallels also has the ad- 
vantage that the days and nights are practically equal 
throughout the year. For this reason, it is conceivable 
that in this zone some six large stations will be built 
at distances of 60 degrees of longitude, e.g., in the 
Sahara, Persia, Australia, an isle in the neighbourhood 
of the date-line, Mexico, and Venezuela. Every station 
would produce an average of 0.04 Q per year, i.e., 10" 
keal per year. The average energy falling per sq m per 
year on the earth amounts to 1350 kwh, or 1.16 X 10° 
keal. The surface used per station would be about 
10° sq m. This is a square with a side of one geographi- 
val degree (100 X 100 km). The efficiency of such an 
installation would not be over 10 per cent. The quantity 
of energy per station would only be 0.004 Q, making : 
total of 0.024 Q. Apart from the very great difficulties 
of mirror construction (these must be able to follow 


VOL. 
A 
q 
: 
26 


the sun) and transport of the energy, it is already clear 
that by this method only 24 per cent of today’s require- 
ment of 0.1 Q could be produced. If we used a reflector 
of parabolic mirrors of 1000 sq m, then each station 
must be equipped with 10 millions of these reflectors. 
It appears that mankind is returning slowly but surely 
to a period somewhat comparable with the iron age of 
the old civilization, when only individuals will use 
private, energy-producing installations with a power of, 
say 10° keal per year. Such an installation requires a 
mirror surface of about 10 sq m. The energy produc- 
tion agrees with the average consumption per head of 
the population at present, i.e., 10’ keal per year. This 
amount would be more than sufficient; probably 20 
per cent of it would be adequate for the relatively 
primitive life in warm countries. 

It has been mentioned already that the food supply 
can be sufficient for a population of 3.5 milliard men 
living at a food standard of 2500 keal per head per day. 
For this supply, an agricultural area of 55 & 10° sq km 
is needed. This is 10 per cent more than the land area 
between 30°N and 30°S. This land is not entirely suit- 
able for agriculture, as it includes the following areas: 

30 per cent desert—15 X 10® sq km destined for solar 

energy regenerators, 

20 per cent livable area—10 X 10° sq km, 


50 per cent agricultural area—25 X 10° sq km. 


In these tropical regions we should not expect too 
great results from agriculture. Moreover, the area is 
too small. Mankind will be obliged to maintain as much 
as possible the present agricultural areas that are 
situated for the most part between the 30° and 60°N 
parallels. This means that these areas can serve as 
arable land only during the summer. In winter these 
districts will be practically uninhabitable, so that 
people will be obliged to return to the 30°N-30°S zone. 
With a population of 4 X 10°, this means a population 
density of 400 men per sq km, i.e., about twice as 
much as the present density in Japan. 

Such a situation makes a high demand on science 
and technology. 


ARE THERE STILL OTHER METHODS FOR 
OBTAINING ENERGY FOR MANKIND? 


The answer is in the affirmative. The above-men- 
tioned sources are, with a single exception, derived 
from the power of attraction between the sun and 
moon and the earth, the kinetic energy of the rotation 
around its axis, and the radiation of the sun. We can 
distinguish the following sources: 


(1) motion of the tide, 
(2) undulation, 
(3) wind, 


(4) temperature differences in the sea, 
(5) geothermal energy, 
(6) hydro energy. 


(1) Motion of the Tide, Ebb and Flow Power 
Stations 


At present, this kinetic energy is lost in shallow sea 
areas where it is transformed into frictional heat of the 
liquid. The utilization of this kind of energy is very 
expensive, for in the ocean the amplitude is only 60 em 
at high tide and 45 cm at low tide. In shallow bays and 
fjords the differences in level can diverge greatly, e.g., 
up to 12 m at spring tide and 6.5 m at neap tide at 
the mouth of the river Severn in the southwest of 
England. 

In the past there have been plans for tide power 
stations, but up to now nothing has been realized 
because of the very low economic return. Perhaps this 
situation will change in the next hundred years. There 
are already indications that in Europe these sources 
will be exploited. In France an installation is under 
construction at the mouth of the river Rance near 
St. Malo in Brittany. This installation, consisting of 
38 units of 9 mw each, must be ready in 1963 and must 
deliver a quantity of energy of 340 mw. The investment 
cost is about $290 per kw.* The floods as well as the ebb 
current will be utilized by means of basins used as a 
buffer. In this way, the production is continuous. 
Outside Europe a 400-mw installation could be built 
in the northeast corner of the United States near the 
Cobscook and Passamaquoddy Bay, west of Nova 
Scotia. The construction of this ebb tide power station 
was started in 1935, but it has not been finished. Per- 
haps shortly the building operations will be resumed. 


(2) Undulation 

Because the wind blows over the surface of the sea, 
whirls are formed as a result of the friction between 
air and water. This causes a change of the air velocity. 
The kinetic energy of the air is transformed into po- 
tential energy of the water; waves are formed in the 
sea surface. The sea swell is caused by vertical level 
oscillation and has to be distinguished from the surf, 
the wave-runners on the beach. This horizontal water 
movement is less suitable for energy production. 

Using the up-and-down movement of big floats, it is 
theoretically possible to trap this kind of energy. The 
installations must be built in the open sea and must be 
heavy and strong enough to resist hurricane forces. 
In calms there would be no production. This process 
has not yet been worked out; it will be a very expensive 
and perhaps hypothetical solution. 


(3) Windpower 


This driving force was applied frequently in Holland 


4 
Wa 
‘ 
; 
} L 
) 5S 9 
oF 


in the seventeenth century. During the nineteenth 
century the construction of the Dutch mills was much 
improved by the use of iron. In 1920 the mill arms were 
streamlined, giving an increase in efficiency of 50 per 
cent. However, the windmill was no match for the diesel 
and electric pumping engines. Of the 7500 windmills 
in Holland there remain at present only about 1000 
1200. In the United States the iron-constructed wind- 
motor was introduced. 

Using developments in aerodynamics, the windmill 
ean be still further improved, so that it may be possible 
to use it for energy production, especially in flat, 
windy, and fuel-poor countries. Interesting projects 
have already been worked out, but not vet realized. 
We may mention the idea of Honneft—constructing 
paddle wheels of 160 m diameter on a tower of 250 m 
high, from which a maximum power of 100 mw could 
be obtained. For a project, technically the most perfect 
devised and with an estimated power of 1000 kw, we 
refer to Palmer and Putnam.’ Even this beautiful 
engineer’s creation was abandoned and unfortunately 
has to wait for worse times for mankind. 

At present windpower is important only in remote 
areas, where diesel oil is scarce and expensive. In one 
area of this type, at the Krim in Russia, even before the 
war hundreds of installations had been built. 

Best known converter of this kind is the wind- 
motor unit of maximum 110 kw, coupled to a dynamo 
of 93 kw. It needs an accumulator for periods of calms. 
It is significant that even at present the problem of 
generation of electricity by windpower is being studied, 
as at the British Electrical and Allied Research Associ- 
ation in London. There are now available small units 
with a power of 5 kw costing from $400 to $550 per kw; 
medium units with a power of 5-80 kw and costing 
$280-S$400 per kw; and large units with a power of 
100-200 kw and costing $140-$280 per kw. 


(4) Use of Temperature Differences in Seawater 


If there is a temperature difference, the heat can be 
degraded and partly transformed to mechanical power. 
In the oceans there exists a temperature difference 
between the surface and the bottom. In tropical areas 
this difference is greatest: at the surface the tempera- 
ture is about 29°C and at a depth of 700 m about 5°C. 
About 25 vears ago the great French inventor George 
Claude spent millions of his own funds to obtain power 
in this way. The experiment was carried out about 100 
km from the coast near Rio de Janeiro, but unfor- 
tunately did not sueceed.® 

This investigation has not been abandoned. At 
present, a serious study is going on in France, financed 
by the Office de la Recherche Scientifique Colonial, 
regarding the construction of an electric power station 
near Abidjan at the Ivory Coast in Africa. At Cuba and 


on the Pacifie coast of the United States other experi- 
ments are going on. 

Combining this process with the distillation of fresh 
water offers many attractions. In the condenser of the 
turbine, water is distilled, free of salt. It is in these warm 
territories that fresh water is of the greatest importance. 
Some experienced engineers consider these attempts 
unjustified. Against the background of impending 
exhausted energy sources this statement loses its 


significance. 
(5) Geothermal Energy 


The temperature of the earth’s crust increases by 
1°C for every 30-100 m depth. As the rocks have a bad 
conductivity, it is impossible to evaluate the heat 
transported through the stones. Only where water pene- 
trates deeply and returns elsewhere as steam through 
sand or porous rocks can earth heat possibly be utilized. 
Up to a few years ago Italy was the only country where 
geothermal energy was utilized. It was the Prince of 
Conti who developed this source near Lardarello. 
Steam is superheated, mixed with gases, and polluted 
with borax. This steam cannot be used in turbines 
because of corrosion difficulties, but by means of heat 
exchangers the heat is transferred to a circulating sys- 
tem of fresh water that can be transformed into steam 
suitable for turbines. The cycle is closed by condensing 
the steam output of the turbines and returning the 
water to the heat exchangers. Boric acid, hydrogen 
sulfide, and sulfur are the by-products of this process. 

Italy has had an experience of over fifty years in this 
field. About 160 steam sources near Lardarello in 
Toscane produce up to a power of 25 mw. However, 
technical developments are not limited to Italy. In 
Japan there is a plant of 30 kw; extension up to 3000 
kw is underway. Belgium has a unit of 275 kw in the 
Katanga Mines. New Zealand is building an installa- 
tion of 37.5 mw and Mexico one of 3.5 mw in the state 
of Hidalgo. 


(6) Waterpower 


Waterpower is another part of the sun’s energy. The 
investment costs of such a power station are very high. 
On the other hand, there are considerable advantages: 
the operation and maintenance costs are relatively low, 
while 80 per cent of the available energy can be trans- 
formed to electricity as opposed to only 20 per cent 
using coal. For fuel-poor countries like Scandinavia, 
Switzerland, and France, hydro energy is a vital neces- 
sity. At present, 2 per cent of the annual consumption 
of 0.1 Q per year is supplied with waterpower. In 
future, these 0.002 Q may be increased to 0.018 Q. 
At present, 11.5 per cent of the world capacity is used; 
this estimate amounts to about 750 X 10° hp. 

It is interesting to compare the investment costs of 
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the different energy production methods. This com- 
parison is only valid for the present time. 


$125-150/kw 
$170-230/kw 
$250-350/kw 
$350-600/kw 


Conventional energy 
Geothermic energy..... 
Waterpower energy....... 
Atomic (splitting) energy 


CONCLUSION 


In the preceding pages we have discussed the ever 
increasing material needs that make it necessary to 
use increasing quantities of raw materials for energy 
production. We have shown that it is probable that the 
reserves of fossil fuels will be used up within a couple 
of ages. Some intelligent men expect to be able to use 
atomic fission to replace them. However, we know that 
within 25 years not more than about 10 per cent of our 
energy needs can be covered by this form of energy. 

Homo sapiens will undoubtedly quicken the pace of 
development; homo faber will improve and enlarge 
the digging of raw materials. All these remedies, how- 
ever, only provide a respite. Even if we suppose that 
atomic fusion could be achieved on earth—an idea 
that at present is still far from reality—even then, the 
raw materials will be exhausted after five or six cen- 
turies. Mankind will have many fewer material needs 
long before this moment arrives. 

This paper gives a future forecast, both of energy 
provision and of the supply of industrial raw materials 
used as energy. Man should realize that if we use raw 
materials, especially in metallurgical plants, we can 
hardly avoid the element carbon. Another important 
problem is that the gasoline motor cannot be replaced 
by nuclear generators in all cases. Perhaps this situation 
ean be alleviated by using alcohol from the fermentation 
of carbohydrates. Aleohol and even synthetic rubber 
production was practised in Russia before the war, 
starting from starch, a product of the photosynthesis. 
However, the difficulty remains that there will be no 
material for the construction of the motor. The conse- 
quences of this situation are far from exciting. Imagine 
the earth without energy sources and without raw 
materials. Imagine that mankind has to retire to the 
zone around the equator between 30°N and 30°S. In 
this situation mankind will be dependent on the heat 
of the sun both for inspired as well as uninspired energy. 

We have seen that trapping the energy of the sun is 
not a simple task. A production of only a quarter of 
the present annual energy needs requires the construe- 
tion of installations bordering on a technical impossi- 
bility. Besides this problem, there is the much bigger 
problem of obtaining our food supply, limited by the 
efficiency of photosynthesis. Using the available land 
surface between the parallels mentioned, the density of 
the population could be a maximum of 4 X 10° men, 
i.e., 400 men per sq km. 


It is self-evident that intelligent men should obtain 
energy by methods other than the conventional ones. 
Mankind is living in a sea of energy—solar radiation, 
tidal energy, kinetic energy of the rotation of the earth. 
However, it must be transformed for conventional 
applications. Most suitable for this purpose will be the 
radiant energy of the sun. The situation regarding the 
application of natural energy today compared with 
that predicted for 25 years hence may be considered 
as follows: 


Energy 1958 1983 


0.0015 
0.0005 
0.0015 


Wood (product of photosynthesis) 0.0010 
Utilizing waste material (fermentation). 0.0001 
Waterpower. . . 0.0008 
Windpower......... 0.0001 0.0002 
Temperature difference in the sea ; — 0.0001 
Tide movement 0.0001 
Geothermal energy — 0.0005 
Undulation. . . 0.0001 


Total (Q).. .0020 


0.0045 


From this table we see that of the world consumption 
of 0.1 Q per year in 1958, the energy from natural 
sources is only 2 per cent, of which about one-half is 
delivered by water power. At a rough estimate, the 
absolute quantity can be increased by a factor of 2.25. 
However, in 1983 the world consumption will be 0.26— 
0.27 Q (with a 4 per cent increase per year). This means 
that in 25 years still no more than 2 per cent can be 
supplied by nature. 

From this point of view, it is somewhat strange that 
mankind is directing its efforts to the development of 
modern production processes which may be of little 
value, whereas it is possible to obtain “new”? power 
from ‘“‘old”’ sources. In the meantime, the problem of 
the energy supply for cultural needs is not the most 
important; to maintain and to enlarge the present 
standard of life in many areas is a problem of the first 
order. This last problem, however, is dependent upon 
photosynthesis and that, in turn, is controlled funda- 
mentally by the assimilating cell. Therefore, as long 
as mankind does not understand the working of nature, 
he will not succeed in controlling this process nor 
other, related processes. 

Natura parendo vincitur 
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A Proposed Standard Test Code for the Determination 
of the Efficiency of Solar Water Heaters of the 


Flat Collector Type 


By N. Robinson and A. Stotter 


The properties which must be considered in ob- 
taining an objective estimate of the quality of a 
flat-plate-type solar water heater are listed. 
Methods are given for calculating the aerial, ori- 
entation, and thermal efficiency of the heater and 
the heat storage coefficient. A test procedure is 
outlined for making an objective standard deter- 
mination of the efficiency of the heater, and a 
standardized sheet form is given on which the re- 


sults can be tabulated. 


INTRODUCTION 

In the last few years a number of solar heaters have 
been brought to the market, and each inventor and 
producer has claimed a higher efficiency for his product 
than that achieved by any other. It is, in fact, difficult 
to check and compare the efficiency of solar heaters 
without testing them by a method which can be ap- 
plied to the majority of them in a manner enabling the 
results of the tests to be compared easily and clearly. 
A great number of parameters and environmental con- 
ditions which cannot be controlled and maintained in 
a steady state during the test are involved in the pro- 
cedure, such as solar radiation, cloudiness, wind veloc- 
ity, humidity, etc. Some limitations must be set to 
enable a test to be comparable and reproducible under 
various conditions. 

Clearly defined criteria must be obtained by meas- 
urement and calculation to avoid misunderstandings 
which can arise in cases where some producers are 
ready to sacrifice certain properties of the heater for 
others, such as high temperature for large quantity of 
hot water, or vice versa. 

The intention of this paper is to establish a procedure 
and some standards which will be acceptable to all in- 
terested parties, in terms comprehensible to scientists, 


engineers, salesmen, and customers. 


Israel Institute of Technology, Haifa 


PROPERTIES OF A SOLAR WATER HEATER 


To obtain an objective estimate of the quality of the 
tested heater, the following properties should be 
examined : 

(1) Total net exposed area, taking into account only 
the area of the collector which is active in ab- 
sorbing the incoming radiation. 

(2) Area required for the installation and mainte- 
nance, total and per U.N.E.A.* 

(3) Weight of the installation per U.N.E.A. char- 
acterising the specific weight of the installation 
in relation to the useful exposed area. 

(4) Volumetric data, giving accurate volumetric 
capacities of : 

(a) absorber-collector, 
(b) storage tanks, 
(c) piping and other containers. 

(5) Maximum pressure which can safely be applied 
to the various parts of the heater when the unit 
is to be used under direct pressure. 

(6) Weather resistance. 

(7) Corrosion resistance of the parts in contact 
with the heated water and the parts in contact 
with the air humidity. 

(8) Quantity of insulating material used per 
U.N.E.A. and properties of the insulating 
material used : 

(a) thermal conductivity coefficient, 
(b) specific weight, 

(c) heat capacity, 

(d) hygroscopic properties. 

(9) Arrangements for water treatment, including 
possibilities for descaling, cleaning, and drain- 
ing; also hygienic properties with regard to 
elimination of all possible contamination (ac- 
ceptable to local medical authorities). 


*U.N.E.A.—Unit Net Exposed Area, i.e., a unit of area 
taking active part in collecting energy through radiation from 
the sun. This unit will be used as a reference value for size 
and performance of the installation. 
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Materials used, in detail, for every part of the 
water heater-collector, storage tank and pipes— 
and their physical and chemical properties. 


THE EFFICIENCY OF THE HEATER 
(1) Aerial Efficiency 


The term “aerial efficiency” involves the relation of 
the area under and around the installation used for 
regular operation and maintenance to the net exposed 
area taking active part in absorbing the incoming 
energy. The aerial efficiency is calculated by dividing 
the N.E.A. by the total area. 


= Anet/A totat [1] 


(2) Orientation Efficiency 


To define the relationship between the N.E.A. and 
the area of the projection of the N.E.A. perpendicular 
to the incoming sun’s rays, the mean daily value of the 
angle between the incoming rays and a perpendicular 
to the N.E.A. must be calculated as follows: 


1 day 
Wm yadt 


and the orientation efficiency will be: 
Nor = COS Wm 


For example, an absorber mounted on a rotating device 
following a plane perpendicular to the direction of the 
incoming sun’s rays during the day and year will have 
= 0 for any instant and consequently y,, will be 0 too. 
From this it follows that for such a device the orienta- 
tion efficiency will be 100 per cent. 


(3) Thermal Efficiency 


To calculate the thermal efficiency of the heater, the 
incoming radiation, in this case the energy input, should 
be measured by an Eppley global pyrheliometer, or 
similar instrument measuring the total radiation, 
placed near the absorber, its receiving area being posi- 
tioned towards the sun identically with that of the 
collector. 

The useful heat should be expressed in quantities of 
water and temperature rise. These data should be meas- 
ured by the usual methods approved in other stand- 
ard tests. 

The thermal efficiency is defined as the ratio of the 
heat input (by solar radiation) to the heat trans- 
ferred to the water 

Nth = [2] 

Nea 
where G is the weight of the heated water, A7’ tempera- 
ture increase in degrees C of the heated water during 


time period r. The temperature of the water in the 
storage tank is a calculated average for at least three 
different characteristic points inside the storage tank. 
7m 1s the mean radiation intensity, obtained as follows: 


in = idt 3] 
T Jo 
where 7 is the reading of the pyrheliometer and ¢ the 
time. 

Besides the thermal efficiency defined in Formula (2), 
which may be termed the “‘practical thermal efficiency,” 
a “physical thermal efficiency of the collector” may be 
considered. The latter is determined as follows: it is a 
fraction with a numerator giving the actual amount of 
heat absorbed by the water during the flow through 
the collector and a denominator with Az,, instead of 7,, 
as in Formula (2). The value Az,, is the real amount 
of solar radiation energy used for the heating of the 
flowing water: 


Aim = tm — 


Zioss are the losses from the incoming radiation, com- 
posed of the reflection and absorption by the glass 
sheets, reflection and dark radiation from the upper 
surface of the collector, and the heat losses from the 
glass sheets by wind and dark radiation. This form of 
efficiency is of a physical character and will not be 
treated here; for details see References 1 and 2. 


(4) Heat Storage Coefficient 


One of the most important properties of a solar water 
heater is the ability to store the heat absorbed during 
the hours when the radiation is weak or zero. This 
property depends mostly on the insulation of the stor- 
age tank, the quantity of water contained in the ab- 
sorber, and the circulation system. As an over-all guide 
for the above properties, the heat storage coefficient 
is defined as the decrease in temperature of the stored 
hot water per hour divided by the temperature differ- 
ence between the mean water temperature and the sur- 
rounding temperature, for a period when the radiation 
? equals zero. 

— Tw 

9 


Pstor. 

The above results should be represented in the form of 
diagrams: yn» should be plotted against 7, (mean 
water temperature for period 7) and py, should be 
plotted against 7'm. 


TEST PROCEDURE 


(1) Weather Conditions 


To enable results to be compared, the test should be 
‘arried out under conditions which prevail during a 
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reasonable number of days in the year, bearing in mind 


the following limitations: 


(a) 


The sunshine duration should not be less than 75 
per cent of the theoretical possible on the test 
day. A lower percentage would distort the results 
and a good reproducibility could not be achieved. 
Wind velocity should not exceed 20 km per hr 
for 50 per cent of the day, thus eliminating ex- 
cessive convective heat losses from the system 
due to the wind. 

Days with excessive dust, mist, or other particles 
in the air should be avoided. A day with sky 
with more than 20 per cent cloud cover should 
not be regarded as suitable, nor should a day on 
which the readings of a normal incidence pyrheli- 
ometer are lower than 80 per cent of the reading 
obtained on clear days or of values given in 
and 


tables for similar geographical position 


season. 


(2) Water Consumption 


Various 


methods of water extraction should be 


tested: 


(b) 


A test should be carried out in which water is 
not extracted from the system for at least three 
consecutive days. This test will supply data for 
calculations of nw and pet», 

A series of tests should be carried out in which 
water is extracted in accordance with the instruc- 
tions of the party requesting the test; i.e., hot 
water should be taken from the system in various 
quantities and during various periods according 
to the size and purpose of the heater. It is ob- 
vious that a heater for hot water supply for a 
workers’ bath will have completely different 
duties from a household or hospital heater. 

To prove the supply capacity of the heater an al- 
most constant temperature test should be car- 
ried out; i.e., during a day the maximum quan- 
tity of water at a constant temperature should 
be taken from the heater. The procedure of this 
test should be as follows: 

The standard supply temperature will be 60°C 
(or if higher, this must be specified). The tem- 
perature on the drain-off point must reach at 
least 60°C; then water will be taken from the 
heater till the temperature of the outcoming 
C. The quantity of 


water drops 5°C, i.e., to 55 


extracted water must be measured and recorded. 


This procedure should be repeated and the result given 


as total of water extracted during the day. The quan- 


tities 


and times of each extraction should also be given. 


(3) Measurements 


The following measurements, in addition to those 
mentioned above, should be taken: 


(a) 
(b) 
(c) 


(d) 
(e) 


(f) 
All 


more 


pyrheliometer reading, 
surrounding temperature, 
temperature of at least three 
points in the water system representing not less 
than 90 per cent of the water quantity, (if a 
storage tank is included in the system the tem- 
perature of the water at the bottom, middle and 
top should be measured) 


characteristic 


wind velocity, 

total sun and sky radiation on a surface parallel 
to that of the collector, 

sunshine duration. 

readings should be taken at equal intervals of no 
than one hour. It is recommended wherever pos- 


sible that all measurements be recorded by automatic 


recording instruments. 

Calibration of instruments should be carried out be- 
for the test according to standard procedures for cali- 
brations of measuring instruments. 


RESULTS 


The results should be presented in a standardized 


sheet 


paper 


Test no. ve 
Requested by:.......... 
Responsible:. . . 


form containing all points discussed in this 
. The units used should be clearly noted. 


TEST SHEET 


General description of the system: 


(1) Weight: total 


kg; per U.N.E.A. ........ 


kg/m? 

Area required: total ...... m? per U.N.E.A. 

m?/m* 

Net exposed area ...... m? 

Capacity: absorber. ......... m* 
storage tank. ..... 

Maximum pressure ............ at m 


Weather resistance: good, fair, bad 
Insulating material: 
(a) Quantity 
(b) Thermal conductivity (x) 
°C hr 


(or kg) 


keal/m 


= 
(b 
= 
; 
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(3) 
(6) 
(4) 


(c) Specific gravity (11) Thermal efficiency 
(d) Hygroscopic properties: good, fair, bad eee 1 
(e) Heat capacity (C) keal/kg/°C Pm 

(8) Arrangements exist for: a 
(a) water treatment 


Storage coefficient 


(b) descaling 
(c) cleaning and draining T,, 
(9) Hygienic properties: good, fair, bad —s 
(10) Materials used Pstor. 


Material Quantity General Dimensions Aerial efficiency: Na .« 
Orientation efficiency : no, 
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Design Consideration for a High Reliability 
Photovoltaic Solar Energy Converter 


By J. F. Elliott 


Solar radiation data have been examined to de- 
termine the storage requirements for a photo- 
voltaic solar energy conversion system having a 
high reliability. It has been found that a low 
failure rate can be obtained with one and one-half 
days’ storage if the demand power rate is set at 
about one-half the winter’s average daily produc- 
tion rate. 


High reliability is the primary consideration of a 
system which provides electrical power for home con- 
sumption. For the particular case where the power is 
produced by the photovoltaic conversion of solar 
radiation, this reliability can be obtained by various 
combinations of daily production rates and amounts of 
electrical storage for any given demand power specifi- 
cation. The particular combination of production rate 
and storage capacity is determined by economic con- 
siderations. If the solar energy converter is a five per 
cent efficient device made from a thin film of silicon, 
a cost analysis has shown that the price of a unit area 
of such a converter will be about the same as the cost 
of a battery to store the one day’s electrical production 
of the area.* 

Solar radiation data for various locations in the 
United States for the winters of 1954-55 to 1957-58" 
have been examined in order to determine how a system 
must be designed for high reliability. This has been 
done by investigating the power available each day for 
various combinations of the ratio of the demand power 
rate to the average power produced rate (P./P,), 
and amounts of available storage. 

It was soon evident that if the demand power rate 
Was set at the average production rate (i.e., Pa/ P, & 1) 
that prohibitive amounts of storage would be required. 
lor example, the amount of power available per day 
for such a system with a four-day storage in Los Angeles 
during the winter of 1955-567 is shown in Fig. 1b. The 


* Assuming that the average daily solar energy is about 
300 ly per day. 

t According to the Weather Bureau, the winter of 1955-56 
was the most deficient in sunshine of any winter on record for 
Los Angeles. 
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Fic. 1.—Per cent of demand power available with various 
storage requirements, for winter of 1955-56 in Los 


Angeles. 
TABLE I 
Pa/ Pp =}, 1} days storage 
Storage for Less 
Location Year 100 per cent | ths sess PSS 
reliability | full than 4 than 
(No. of days) power No. of No. of 
— of days) | days) 
days) 
Brownsville, Texas 57-58 8.5 2 0 0 
Lake Charles, La. 56-57 5.4 2 0 0 
Oak Ridge, Tenn. 56-57 8.1 2 0 0 
Columbia, Mo. 56-57 6.5 0 0 0 
Blue Hill, Mass. 55-56 8.3 6 5 1 
Washington,, D. C. 56-57 §.5 0 0 0 
Seattle, Washington 54-55 7.4 0 0 0 
Los Angeles, Calif. 55-56 10.0 0 0 0 
Albuquerque, N. M. 56-57 4.6 0 0 0 
Indianapolis, Ind. 56-57 9.2 3 2 | 


addition of extra storage does little towards improving 
the reliability (Fig. la). In fact, a ten-day storage would 
have been required to insure that full power was avail- 
able every day. Similar results were found for other 
locations (Table I). 

By reducing the ratio of (?4/ P,) the storage require- 
ments were considerably reduced, as is shown in Fig. 
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lc-f, for the same winter in Los Angeles. A system 
having a Pa/P, ~ 0.5 with a one and one-half days’ 
storage is seen to have a high reliability (lig. 1d). 
The solar radiation data from other locations have 
been examined in a similar manner as that from Los 
Angeles. It has been found that low failure rates can be 
obtained in the same manner. Some of the reliability 
data for the winters having long periods of less than 


The minimum average daily solar radiation in 
the United States during the month of December 
for a tilted flat-plate collector is presented by 
means of lines of constant radiation density on a 
map. Such data are useful in determining the eco- 
nomic feasibility of photovoltaic power generating 
systems where a given daily demand power is 
required. 


In considering the economic feasibility of providing 
individual homes with electrical power by means of the 
photovoltaic conversion of solar energy, it is necessary 
to know the monetary value of the power converted. 
This value can be computed for any particular geo- 
graphic location and converter efficiency, provided 
suitable solar radiation data are available. For two 
reasons, previous studies’ on the geographical dis- 
tribution of solar radiation are not applicable to this 
particular problem. (a) Since a converter for this appli- 
cation must approach 100 per cent reliability, it is 
necessary to obtain a daily rate of radiation which is 
indicative of the worst possible condition. Average 
daily solar radiation rates by years or by months are 
too high and are not satisfactory. (b) For various rea- 
sons, it appears desirable to use a flat-plate collector 
which is permanently tilted toward the south at an 
angle with the horizontal equal to the latitude of the 
geographic location. Thus, the horizontal flat-plate 
data collected by the U.S. Weather Bureau are not 
directly applicable. 


The Minimum Average Daily Solar Radiation in the 
United States During December for a 


Tilted Flat-Plate Collector 


By J. F. Elliott 
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average solar radiation for various locations are sum- 
marized in Table I. A particular effort has been made 
to include in the table those winters and locations which 
put the most severe strain on the high reliability re- 
quirement. 
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In this initial feasibility study, four years of solar 
radiation data (1954-57) have been examined for 
some fifty-five geographical locations.’ We have defined 
as the value of daily radiation which is indicative of 
the worst possible conditions as being the daily average 
during the month of December. The averaging was per- 
formed on the particular December during the above 
period which had the lowest total radiation for the 
month. 

Having decided over what period the radiation is to 
be averaged, it is now necessary to correct the hori- 
zontal flat-plate collector data to a tilted flat-plate col- 
lector. Multiplying each daily rate by the correction 
factor corresponding to the particular latitude is not 
satisfactory, since it is only the direct radiation per 
unit area that is affected by the tilting and not the dif- 
fuse radiation. Our method of correcting the Weather 
Bureau data has been to multiply the daily radiation 
rates which are above the December average daily 
radiation rates’ by the latitude correction and leave 
unchanged those rates which are below the average.* 
We have thus assumed that on those days on which 
the radiation is above the average, it is entirely direct 
radiation and on those days for which the rate is below 
the average it is entirely diffuse radiation. This method 
of correction, of course, tends to give too high a correc- 


* For another suggestion of how to make this correction 
see: Fritz, 8., “Transmission of solar energy through the earth’s 
clear and cloudy atmosphere”’ T’ransactions of Conference on 
the Use of Solar Energy, Tucson, Ariz., 1955. Vol. 1. 
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Fic. 1—The minimum average daily solar radiation in the United States during December for a tilted flat plate collector. The units 
are langleys. Dots are U.S. Weather Bureau stations recording solar radiation. 


tion for predominantly cloudy areas and too small a 
correction for sunny areas. 

The method of correcting the horizontal data has 
been checked by using the total radiation and diffuse 
radiation data from Blue Hill, Mass.* The comparison 
of the actual corrected December average daily radia- 
tion rate with the average rate computed by our 
method is shown in Table I. 


TABLE I 
A COMPARISON OF THE ACTUAL DECEMBER AVERAGE RADIATION 
RATE WITH THE AVERAGE RatTeE COMPUTED BY OUR 
Metruop, UsinG THE RapratTion Data FROM BLUE 
Hitt, Mass 


ctual rate (ly day) Our method (ly/day Error 


198 
312 
218 


1957 226 243 


As expected, our method gives rates which are high 
but which are in error by less than 20 per cent. 
A summary of the data examined and corrected is 


presented in Fig. 1 by means of lines of constant radia- 


tion density on a map. 

If and when it appears that the use of solar photo- 
voltaic power sources are economically competitive 
with other power sources, it will be necessary to further 
refine the above data. In particular, the period over 
which the averaging is carried out must be considerably 
reduced. Furthermore, since one is interested in extreme 
values, extreme value statistics should be used.” The 
use of this type of statistics would permit the deter- 
mination of the amount of storage required for a 
given demand power requirement and failure rate. 
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Solution of Equations of a Thermal Network 
on a Digital Computer 


By A. J. Ness 


Thompson Ramo Wooldridge Inc., Cleveland, Ohio 


A model of a solid body emitting heat by radiation 
as well as by conduction and convection may be repre- 
sented by a network of thermal resistances. These 
thermal circuits can then be analyzed, similar to elec- 
trical networks, for the temperatures at the various 
nodes. There will be produced in this analysis a set of 
equations describing the temperature balance around 
each closed loop. These equations are not necessarily 
linear, since the radiating surfaces will be represented 
by temperatures raised to the fourth power in accord- 
ance with the Stefan-Boltzmann Law. A direct method 
of solving the set is not known so that one is forced to 
use numerical techniques and high speed digital com- 
puters to achieve the results expeditiously. 


SOLVING THE NETWORK EQUATIONS 


Of the various numerical methods for finding the 
roots of the set of nonlinear algebraic equations, it is 
desirable that the one selected have the properties 
required for computer solution. That is, any method 
which fails to converge on the roots when the initial 
guess of temperatures is far from the final values should 
be avoided. The Newton-Raphson method! does avoid 
these limitations. It consists of solving an auxiliary 
set of linear equations for correction factors by which 
the temperatures are modified. By repeated evaluations 
using the improved temperature values, the correction 
factors will diminish to less than a preset value. Thus, 
any prescribed level of precision may be achieved. 

Let the original set of equations be 


= (ayt + + + + 

H+ (Gintn + — = 0 
= (ant, taut) + 

+ + -+ 

+ (Gant. + Gant.) — = 0 


The jth temperature is represented as ¢;, and its co- 
efficient is a,;; ; the coefficient of ¢;* is a,;. 


Now if tj is an approximate value of the jth tem- 
perature and A; a correction factor, then 


t; = hy + tio 
In accordance with the Newton-Raphson method, a 
set of linear equations must be solved for each h; : 
+ fizhe + finkn +> fi = 0 
+ frohe + + + 


in which 
= Of;/Ot; = + 4a, 


Any standard method of solving the set of linear equa- 
tions will suffice. 

Finally the improved temperatures are evaluated, 
and the process is repeated until each correction factor 
is below the minimum limit. 


APPLICATION OF METHOD 

The number of temperatures which may be com- 
puted depends on the size of the computer memory. 
A 2000-word memory allowed a maximum of sixteen 
equations to be evaluated. In this case, a considerable 
portion of the memory was occupied by the program 
of the Crout Method for solving the linear equations. 
If floating decimal point accessories were attached, it 
is estimated that at least twenty equations could be 
solved. 

The speed of solution varies with the number of 
equations, the closeness of initial temperature guesses 
to the final results, and the limit imposed upon the 
size of the correction factors. In one case, a set of fifteen 
equations was solved in fifty minutes on an IBM-650 
computer, the limit on the correction factor being set 
at one-half percent of the estimated minimum tempera- 
ture. In this case it turned out that half the initial 
guesses differed from the final results by at least 100 
percent. 
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Addendum To: “Solar Collector Surfaces With Wave 


Length Selective Radiation Characteristics” 


By T. F. Irvine, Jr., J. P. Hartnett, and E. R. G. Eckert 


In a recent paper entitled “Solar Collector Surfaces 
with Wave Length Selective Radiation Characteristics” 
we presented measurements of the solar absorptivity 
and infrared emissivity for a number of porous surfaces. 
The observed characteristics of large absorptivities 
and low emissivities suggested their use as collector 
surfaces for solar energy and a comparison was shown 
between these porous surfaces and others such as 
lamp-black and the special surfaces developed by 
Tabor.’ Under the conditions chosen for the compari- 
son, the porous and Tabor surfaces were superior to the 
lamp-black surface. 

In a letter to this laboratory, Professor H. C. Hottel 
of the Massachusetts Institute of Technology pointed 
out that an additional term has to be included in our 
energy balance when the solar collector surface is 
located near the surface of our earth. In this case the 
collector surface also receives radiation from the atmos- 
phere, which has to be added to the right hand side 
of Equation [7] in the original paper which defines the 
collector efficiency. The purpose of this note is to 
present once more the collector efficiency as defined in 
our original paper and to indicate the effect of this 
additional term. The inclusion of this term favors a 
gray surface in comparison with a selective one. 

A literature search indicated that the most probable 
average value for the radiative flux coming from the 
atmosphere is two-thirds of the radiative flux from a 
black body at ambient temperature.’: * In the following 
comparison this radiative flux is set equivalent to the 
radiation emitted by a black body at a temperature 
of 468°R. 

The solid lines in Fig. l(a) show the collector effi- 
ciency of three surfaces as they were originally presented 
without inclusion of the atmospheric radiation term. 
The dashed lines indicate the efficiency when the radia- 
tion from the atmosphere is included. It may be ob- 
served that the addition of this term raises the collector 


* Irvine, T. F., Jr., Hartnett, J. P., and Eckert, E. R. G., 
Solar Energy, Vol. I1, No. 2-3, 1958, pp. 12-16. 
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Collector Efficiency vs Collector Temperature, (1) lamp-black 
paint, (2) Tyler 28 X 500, (3) coated surface.’ 
(a) Solid lines—convection but no atmospheric radiation. 
Dashed lines—convection and atmospheric radiation. 
(b) No convection or atmospheric radiation. 


efficiency of a lamp-black surface relative to the selec- 
tive surfaces so that, for instance, the porous Tyler 
surface has a better efficiency than the lamp-black 
surface only when the collector surface temperature is 
greater than 90°F. 

An application of solar collectors, which is of current 
interest, occurs in space flight where radiation from 
the atmosphere as well as convective heat transfer are 
zero or negligible. A comparison of the various surfaces 
for these conditions is presented in Fig. 1(b). The 
superiority of selective surfaces for this application 
becomes apparent. 

The authors would like to express their appreciation 
to Professor Hottel for his thoughtful letter which 
initiated the more complete investigation of collector 
efficiencies presented in this note. 
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Solar Abstracts 


Arnold, William; Sherwood, Helen, ‘‘Energy storage 
in chloroplasts.” J. Phys. Chem. 63(1): 2-4, Jan. 
1959. Illus. 


Dried chloroplast films that have been illuminated exhibit 
thermoluminescence. The glow curves have been analyzed to 
give the activation energies associated with this energy stor- 
age. The analysis shows that at least five different activation 
energies are involved: one at 0.93 ev represents a little less 
than half of the stored energy; another at 0.69 ev is a minor 
part; between these two there are two or three unsolved levels 
that represent the major fraction; finally, unilluminated sam- 
ples always give a small signal corresponding to an activation 
energy higher than 0.93 ev. (authors’ abstract) 


* * * 


Bowen, E. J.; Sahu, J., ‘‘The effect of temperature on 
fluorescence of solutions.” J. Phys. Chem. 63(1): 
4-7, Jan. 1959. Illus. 


Measurements have been made of the effect of temperature 
on the fluorescence yields of substituted anthracenes dissolved 
in several solvents. 9-substituted anthracenes show high yields 
and steep temperature dependencies, while side-substituted 
derivatives have low yields and small temperature variations. 
The results are interpreted in terms of the following concepts. 
There appear to be two processes of energy degradation of the 
excited molecules, a substantially temperature independent 
one which is probably associated with the singlet-triplet con- 
version, and a temperature-dependent one having a heat of 
activation of degradation and a dependence on solvent vis- 
cosity which may be associated with a direct transition from 
excited to the ground state. (authors’ abstract) 


* * * 


Buelow, F. H., “Drying grain with solar heated air.” 
Quart. Bull. Mich. Agric. Exp. Sta. 41(2): 421-29, 
Nov. 1958. Illus. 


Discusses the possibility of reducing grain and hay drying 
costs on farms by using solar energy for heating the air which 
is used in the drying process. Energy storage would not be 
needed because when solar energy is not available, unheated 
air can be used to prevent the spoilage of grain and hay. Vari- 
ous types of air heaters for grain drying systems discussed in 
this paper were tested experimentally. 


* * * 


Buelow, F. H.; Boyd, J. 8., “Heating air by solar 
energy.” Agric. Eng. 38(1): 28-30, Jan. 1957. Illus. 
Describes the construction and operating characteristics of 

an air-heating solar collector designed by the authors and dis- 

cusses the possibilities of using it in a solar heating system on 
farms. 


* * * 


Coleman, J. W.; Rabinowitch, Eugene, “Evidence of 
photoreduction of chlorophyll in vivo.” J. Phys. 
Chem. 63(1): 30-34, Jan. 1959. Illus. 


Continuation of a study by Coleman involving the measure- 
ment of the difference spectrum of illuminated Chlorella cells 
up to 720 illuminations. 


* * * 


Dubois, Jean T., “The sensitized fluorescence of 
8-naphthylamine; a study in transfer of electronic 
energy.” J. Phys. Chem. 63(1): 8-11, Jan. 1959. 
Illus. 


The gas sensitized fluorescence of 8-naphthylamine was 
studied at 150° using benzene as photosensitizer. Amine pres- 
sures of 0.53 and 1.25 mm were used. A kinetic mechanism for 
the transfer of electronic energy is proposed. (author’s ab- 
stract) 


* * * 


Duffie, John A.; Lof, G. O. G., “Solar energy; economics 
and engineering research at the University of Wis- 
consin.”’ Canadian J. Chem. Engr. Apr. 1959: 77-84. 
Illus. 


The probable economic feasibility of several solar applica- 
tions is assessed by using the costs of energy from present 
sources as a basis for estimating upper limits on the first cost 
of solar heat exchangers and their associated equipment. 
Economic considerations have helped shape the development 
of the Wisconsin solar energy program, which includes studies 
of solar heat exchangers and their applications to heating, 
cooling, and power generation. (authors’ abstract) 


* * * 


Duffie, John A.; Lof, G. O. G.; Salam, Ehab, ‘“‘Develop- 
ments in solar energy heat exchangers.’’ Paper pre- 
sented at the Salt Lake City meeting of the Ameri- 
‘an Institute of Chemical Engineers, Sept. 1958. 
30 p. Illus. 


Results of recent studies on methods for improving solar 
heat exchanger performance and reducing costs are presented, 
including the use of semitransparent coatings on absorber sur- 
face to reduce long-wave radiation losses while retaining high 
absorptivity for short-wave solar radiation. Recent improve- 
ments in reflector construction, optical loss reduction, and 
transparent covers for solar heat exchange surfaces are also 
discussed. (authors’ abstract) 


* * * 


b 


Eggert, J., “The ignition of explosives by radiation.’ 
J. Phys. Chem. 63(1): 11-15, Jan. 1959. Illus. 


In the experiments of Norrish and Porter the radiation 
which is emitted as very high energy within milliseconds by 
suitable electric discharges serves to dissociate gases, such as 
chlorine, into atoms or radicals. In these cases the absorbed 
energy is consumed in making possible one or several chemical 
processes; the system reacts exclusively with the absorbed 
energy, even if it returns to the original state afterwards. In 
this case, the absorbed energy is stored as chemical energy; 
the system operates just as a plant during photosynthesis. 
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Principally different is the behavior of a mixture of chlorine 
and hvdrogen; for chlorohvdrogen can be caused to detonate 
by sufficiently large quantities of absorbable radiation and is 
converted to hydrogen chloride even by radiation of lower 
intensity with a high quantum vield because in this ‘‘endo 
thermic system’’ chain reactions may occur. (author’s abstract) 


* * * 


Garwin, Richard L., “Solar sailing—a practical method 
of propulsion within the solar system.” Jet Propulsion 
28(3): IS8-90, Mar. 1958. Illus. 


Commercially available metallized plastic film can be used 
as a solar radiation pressure sail for propulsion of space vehicles 
within the solar system. The method of propulsion is of neg 
ligible cost and is perhaps more powerful than many compet 


ing schemes 


Gilmore, E. H.; Lim, Fk. C., ‘A method for evaluating 
rate constants in the Jablonski model of excited 
species in rigid glasses.”’ J. Phys. Chem. 63(1): 15-16, 
Jan. 1959. Illus. 


\ method is presented for calculating kinetic rate constants 
for processes that occur according to the Jablonski model of 
elec tronically excited dve molecules in rigid glasses. Non radia 
tive transitions from excited to ground states are considered in 
addition to the radiative transitions usually considered. Since 
the rate constants are found by use of data on fluorescence, 
a-phosphorescence and 8 phosphorescence, the method is 
limited in use to temperatures above about 180° K. (authors’ 
ibstract 


Giutronich, J. E., “Solar furnaces: the 12-ft diameter 
furnace project—a progress report.”” Paper presented 
at the A.N.Z.A.A.S. Congress Solar Energy Sym- 
posium, Adelaide, Australia, Aug. 25, 1957. 


The Sydney project involves: (1) major structures which 
are all of timber and plywood; (2) multiple metallized-plastic 
copies of optically-worked off axis-paraboloidal glass moulds; 
3) a hydraulic heliostat-tilting mechanism of novel design ; 
1) a laboratory, complete with high-vacuum equipment, 
mounted on the paraboloid casing, to be hoisted up the tower. 
author’s abstract 
* 


* * 


Goldstein, B.; Pensak, L., ““High-voltage photovoltaic 
effect.” J. App. Phys. 30(2): 155-61, Feb. 1959. 


Vacuum evaporated films of cadmium telluride have been 
prepared that show photovoltages as high as 100 v/em of film 
length. The photovoltage saturates at high light intensities 
and low temperatures. At all other light intensities and tem 
peratures it has the same functional dependence on light in 
tensity as that of ordinary p-n junctions. Analvsis of the data 
suggest a series ol pon junctions or other photovoltaic ele 
ments) arrayed in an additive manner. Estimates of the linear 
density of photovoltaic elements based on the measurements 
described above vary from 200/cm at room temperature to 
7000/em at —170°C. A possible mechanism to explain the effect 
is proposed, based on an anisotropic growth of crystallites due 
to the angle of deposition, and on the pressure of residual 
gases in the vacuum chamber. (authors’ abstract 


Hammond, David A.; Shirland, Fred A.; Baughman, 
Richard J.; Harshaw Chemical Company, ‘A ead- 
mium sulfide solar generator.” Wright Air Develop- 
ment Center, Tech. Rept. 57-770, ASTIA Document 
No. AD 151036, Dee. 1957. 128 p. Illus. (PB 151276) 


The efficiency of the CdS photovoltaic cells was increased 
to a range of 3 to 5 per cent from an average of 0.4 per cent by 
improved doping, growth, cleaning and electroding techniques. 
The method for making CdS cells is outlined. Two small solar 
generators were assembled from these cells for demonstration 
and testing purposes. Each of these gave about 50 mw of power 
at about 6-7 v when illuminated by direct sunlight. (authors’ 
abstract) 


* * * 


Heidt, Lawrence J.; Livingston, Robert S.; Rabino- 
witch, Eugene; Daniels, Farrington, ‘Introduction 
to the Symposium of Photochemistry of Liquids and 
Solids.” J. Phys. Chem. 63(1): 1-2, Jan. 1959. 


Summary of the symposium held at Endicott House, Dead 
ham, Mass., Sept. 3-7, 1957, on photochemical research into 
the practical utilization of solar energy. 


* * * 


Hernqvist, K. G.; Kanefsky, M.; Norman, F. H., 
“Thermionic energy converter.” RCA Rev, 19(2): 
244-58, June 1958. Illus. 


Thermionic energy converter is a device for direct conver 
sion of heat into electrical energy, having a high-work-fune- 
tion cathode and a low-work-function anode. This paper de 
scribes its operational characteristics and experimental studies 
of a converter having a tungsten cathode. Cesium vapor intro- 
duced into the tube serves two purposes. Cesium atoms ionized 
at the cathode surface cause space-charge neutralization in the 
interelectrode space. Cesium condensed at the surface of the 
cold nickel anode reduces the anode work function. Output 
voltage is 2.5 v; conversion efficiencies approximately 10 per 
cent. Materials problems and possible applications, at present 
limited to solar furnaces, are discussed. (authors’ abstract) 


* * 


Kallman, H.; Pope, M., “Photovoltaic effeet in or- 
ganic crystals.” J. Chem. Phys. 30(2): 585-86, Feb. 
1959. 


In studies on the photoconductivity of anthracene, photo- 
voltaic measurements on thin single crystals were made which 
appeared to be related to the studies on organic compounds 
involved in photosynthesis by Calvin and Kearns. One un 
usual aspect was the electrode configuration and composition 
when the anthracene crystal was positioned between and sepa 
rated two 0.01 M NaCl solutions, which acted as transparent 
electrical contacts with each face of the crystal. An oxidation- 
reduction reaction appears to take place at the solution-crystal 
interfaces, and the splitting of water is accomplished by 3650 
A light through the intervention of the erystal. (authors’ 
abstract) 


* * 
Loferski, J. J.; Rappaport, P., “The effect of radiation 
on silicon solar-energy converters.”” RCA Rev. 19(4): 
536-54, Dee. 1958. Illus. 


The performance of silicon solar cells under simultaneous 
illumination and irradiation by various ionizing radiations 
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has been observed for the purpose of estimating the useful 
life of such power sources in the environment of the I. G. Y 
sarth satellite. Results yielded an estimated minimum of 
about 10° years until the output of such cells on a satellite 
drops to 75 per cent of the initial value. Possible modifications 
of these estimates based on tentative data acquired from 
satellite flights have been considered. The decay of the cells 
is associated with changes in minority-carrier lifetime. No 
definite decay was observed during the limited exposure time 
of this study for the ultraviolet radiation between 2200 A and 
3400 A or for x-rays from machines operated at 50-2000 kv. 
(authors’ abstract) 


* 


* 


MeQuigg, James D.; Decker, Wayne L., “Solar energy: 
a summary of records at Columbia, Missouri.”’ .Wis- 
sourt, Univ. Agr. Exp. Sta. Res. Bull. 671, July 1958. 
27 p. Illus. 


Gives hourly and daily totals of solar radiation received, for 
the period 1944 to 1956. 


* * * 


Macris, George Jac, ‘Solar energy and sunshine hours 
at Athens, Greece.” Monthly Weather Rev. 87(1): 
29-32, Jan. 1959. Illus. 


Measurements of the amount of solar energy in langleys 
and the number of sunshine hours, at the National Observa- 
tory, Athens, 1953-56. 


* * * 


Mathur, K. N.; Khanna, M. L.; Davey, T. N.; Suri, 
S. P., “Domestic solar water heater.” J. Sez. Ind. 
Res. 18A: 51-58, Feb. 1959. Illus. 


Arrangement for heating water with solar energy for supply- 
ing the domestic needs of a small family at Delhi, using easily 
available and inexpensive construction materials (galvanized 
iron sheets). Details of construction are given and observations 
using heat collector unit with a single layer of glass taken 
during Oct.-Nov. 1955. Trials indicate domestic unit will re- 
cover initial cost in less than one year. (authors’ abstract) 


* * * 


Milner, G. J., “Solar furnaces: development at the 
N. 8S. W. University of Technology.”’ Paper pre- 
sented at the A.N.Z.A.A.S. Congress Solar Energy 
Symposium, Adelaide, Australia, Aug. 25, 1958. 


Solar power, concentrated with a large high-grade concave 
paraboloidal mirror, has special advantages for heating mate- 
rials to temperatures of 3000-4000° C, providing a ‘‘clean’’ 
method because a part only of a mass of homogeneous material 
need be heated to melting point. The arrangement of a parab- 
oloid, inverted on a tower above a heliostat mirror on the 
ground, is commended. The influence of size on performance is 
indicated, as also is the problem of temperature measurement. 
(author’s abstract) 


* * * 


Morse, R. N. and Czarnecki, J. T., “*The flat-plate ab- 
sorber as a solar energy collector.”? Paper presented 
at the A.N.Z.A.A.S. Congress Solar Energy Sym- 
posium, Adelaide, Australia, Aug. 25, 1958. 10+  p. 
Illus. 


The elements of a flat-plate absorber and the factors in- 
fluencing its design and operation are reviewed. The thermal 
characteristics of energy received, losses, efficiency, and the 
heat transfer to the circulating fluid are dealt with in the light 
of design considerations. The effect of orientation and its in 
fluence on the evaluation of energy incident on inclined sur 
faces, the optimum angle of inclination, and the effect of 
changes in azimuth is considered. Installation and operating 
problems such as the prevention of damage by freezing, pro 
tection from hail, the location of an absorber and its materials 
of construction, and economic factors are discussed. (authors’ 
abstract) 


* * 


Neuwirth, Otto photolysis of nitrosyl chloride 
and the storage of solar energy.” J. Phys. Chem. 
13(1): 17-19, Jan. 1959. Illus. 


Nitrosyl chloride, dissolved in carbon tetrachloride, is 
photochemically decomposed by light below 6400 A into nitric 
oxide and chlorine. The quantum yield is reduced by the 
reverse reaction, and values of 0.75 or less up to approxi- 
mately 1.0 are obtained. Experiments using sunlight with a 
flowing system are described. The nitric oxide is insoluble and 
can be stored and later recombined with chlorine in carbon 
tetrachloride to give the original nitrosyl chloride and release 
some of the solar energy consumed in the photolysis. (author’s 
abstract) 


* * * 


Noyes, Richard M., ‘‘Kinetic complications associated 
with photochemical storage of energy.” J. Phys. 
Chem. 63(1): 19-22, Jan. 1959. 


If energy is to be stored in a photochemical process, the 
initial act of absorption of a photon must be followed rapidly 
by additional reactions. These can be classified according to 
whether or not a non-absorbing species must react either with 
the excited absorber or with a fragment formed from its dis 
sociation. Because of the compressed time scale in which many 
of these additional reactions must occur, the kinetic treatment 
requires consideration of the special problems associated 
with very fast reactions. (author’s abstract) 


* * * 


Olgyay, Aladar; Telkes, Maria, ‘Solar heating for 
houses.”’ Prog. Archit. Mar. 1959: 195-207. Illus. 

A detailed outline of basic design considerations for houses 
heating by solar energy, including an analysis of the amount 
of solar energy that can be obtained at a particular location, 
compared to the heating loss of the house; a discussion of 
solar collectors and heating storage systems; the winter-sum 
mer balance; and design features in a solar house differing 
from conventional residences. Solar heating is compared with 
conventional systems from an economic point of view. Three 
recently-constructed solar houses are then described—the Lof 
house in Denver, MIT house in Lexington; and AFASE house 
in Phoenix. 


* * * 


Parker, C. A., “Photoreduction of methylene blue. 
Some preliminary experiments by flash photolysis.” 
J. Phys. Chem. 63(1): 26-30, Jan. 1959. Illus. 


Dilute solutions of methylene blue in dilute sulfurie acid 
are reversibly bleached by flash photolysis, giving rise to two 
distinct transient species. One species produced by excitation 
with visible light has a lifetime of the same order as that of 
the flash and is tentatively identified as the lowest triplet 
state of the dyestuff. The second species is produced by excita 
tion with light of short wavelength. Under conditions investi 
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gated it has a lifetime of about 400 milliseconds. It is tenta- 
tively identified as the semi-quinone free radical produced by 
electron transfer from a water molecule. (author’s abstract) 


* * 


Parker, C. A.; Hatehard, C. G., **Photodecomposition 
of complex oxalates. Some preliminary experiments 
by flash photolysis.” Phys. Chem. 63(1): 22-26, 
Jan. 1959. Illus. 


Long-lived intermediates have been observed in solutions 
of the ferrioxalate, cobaltioxalate, and uranyl oxalate ions 
when they are subjected to flash photolysis. The compound 
produced in neutral ferrioxalate solutions disappears at a rate 
which is nearly independent of the concentration of ferrioxa 
late. Under these conditions, therefore, the rate-controlling 
age 1s not the expected bimolecular reaction between radical 
and ferrioxalate, and the simple reaction scheme originally 
proposed is not sufficient to explain the results. Some possible 
additional rate-controlling stages have been considered, in 
cluding dissociation of an excited ferrioxalate ion and disso 
ciation of a complex between ferric iron, oxalate ion, and 
oxalate radical. As examples of systems involving efficient 
electron transfer reactions, both cobaltioxalate and uranyl 
oxalate, as well as ferrioxalate, are worth more investigation. 

iuthors’ abstract 


ST 


Prince, M. B.; Wolf, M., **New developments in silicon 
photovoltaic devices.” J. Brit. Inst. Radio Engr. 
18: 583-594, Oct. 1958. Discussion, p. 594-95. Llus. 
Discussion and analysis of the performance of three types 

ot p-nm jJunetion devices prepared bv solid-state diffusion meth 

ods: (a) a solar cell, suitable for moderately low to high 
light levels, 5) a low level cell, and € i photodiode for low 


to high levels. Special response, transient response, and tem 


perature dependence are considered. (authors’ abstract 


* 


fappaport, P., “New solar converter materials.”” (In: 
Proceedings of 11th Annual Battery Research and 
Development Confe rence, May 292-23, 1957.4 p. Illus. ) 
Work at the RCA Laboratories on an investigation into 


materials for photovoltaic solar energy converters. Results 


are given for the operation of solar cells made with GaAs, 
InP and CdTe. Conversion efficiencies ranging from 2°, to 


6.5°, were achieved 


Riordan, R. H. 8., “Selective surfaces for solar ab- 
Paper presented at the A.N.Z.A.A.S. Con- 
gress Solar Energy Symposium, Adelaide, Australia, 
Aug. 25, 1958. 6+ p. Illus. 


sorbers.”’ 


The introduction indicates what a selective surface is, how 
it works, and what are its uses. The suggested methods for the 
production of a selective surface and the chosen process cover 
ing the plating operation, the preparation of the plate, and 
the properties of the product are outlined. The design and 
performance of an absorber employing selective surfaces and 
the practical value of selective surfaces is indicated. (author’s 
abstract 


* * * 


Segal, A. I., “Solar furnaces: the pilot-model furnace at 


Broken Hill.’ Paper presented at the A.N.Z.A.A\S. 


Congress Solar Energy Symposium, Adelaide, Aus- 
tralia, Aug. 25, 1958. 


At Broken Hill, a 3-ft diameter furnace has been set up. 
Operating experience is reviewed and mention made of the 
studies in progress on a novel pyrometer device. (author’s 
abstract) 


* * * 


Sivertz, C., “Studies of the photoinitiated addition of 
mereaptons to olefins. IV. General comments on the 
kinetics of mereapton addition reactions to olefins 
including cis-trans forms.”’ J. Phys. Chem. 63(1): 
34-38, Jan. 1959. Illus. 


Some aspects of previous work are drawn together to illus- 
trate some common problems in free radical kineties with par- 
ticular reference to termination. It is shown how useful in- 
formation can be elicited by the study (a) of the attack of a 
common radical on various substrates and (b) of different 
radicals on a common substrate. 


* * * 


Smith, D. H., “A one-watt solar power plant.” Paper 
presented at the winter general meeting of the 
American Institute of Electrical Engineers, New 
York, Feb. 1958. 7+ p. Illus. 


Describes some of the preliminary work with the Bell silicon 
solar battery that culminated in the field experiment at Ameri- 
cus, Ga., including exploratory device development and engi- 
neering studies. Preliminary tests are discussed and field test 
data are summarized. 


* * * 


Speyer, Edward, “Optimum storage of heat with a 
solar house.”” Am. Machine & Foundary Co., Central 
Res. Lab., CRL-T-20, Apr. 28, 1959. 34+ p. Illus. 


explains a method for calculating the economic feasibility 
of solar house heating for different localities in the United 
States and presents results in terms of maximum cost per 
square foot of solar collector which can be afforded if the solar 
system is to be competitive. Sunny mountainous regions with 
cold winters are the most favorable areas. 

Particular attention is given to the efficiency and capacity 
of energy storage and to the possibilities of saving summer 
heat for winter use. It is concluded that at present storage costs, 
such long-term storage is not economical. Storage costs of 
about $1 per therm or solar collectors built and installed 
for $1.50 per sq ft, would make solar houses economically 
attractive. (author’s abstract) 


* * * 


Telkes, Maria, ‘Research on methods for solar distil- 
lation.”” Res. & Dev. Progr. Rept. No. 13, for Office 
of Saline Water, Dec. 1956. 63+ p. Illus. 


This study forms part of an investigation at New York 
University to reduce the total cost of converting saline water 
to fresh water in large quantities by solar energy through 
developing new methods and improving existing ones. Tilted 
flat stills previously developed and compared with roof-type 
stills were found to give a 26-50 per cent greater yield than 
estimated in the summer months. To explain the increased 
vield, heat transfer calculations were made and a sample 
calculation worked out for a flat tilted still. Calculations were 
confirmed with electrically heated stills. In the second part 
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of the report, results of a study of the component parts of 
the tilted flat solar still, undertaken to improve their per- 
formance and decrease the cost of construction and materials, 
are summarized. Results of experiments with flat tilted, 
roof-type, and multiple-effect stills are tabulated. 


* * * 


Thomas, J. B.; Nuboer, J. F. W., ‘Fluorescence induc- 
tion phenomena in granular and lamellate chloro- 
plasts.”” J. Phys. Chem. 63(1): 39-44, Jan. 1959. 
Illus. 
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